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Bimetallic nanocrystals have received growing interest owing to their diversified 
properties and promising applications. Seeded growth serves as a powerful route to 
bimetallic nanocrystals but its capability is limited by galvanic replacement reaction when 
the seed is more reactive than the deposited metal. This dissertation documents two 
strategies for achieving galvanic replacement-free seeded growth of a second metal (M: 
Au, Pd, or Pt) on Ag nanocrystals. The first strategy relies on the co-titration of AgNO3 
and a precursor to M for the generation of Ag and M atoms via co-reduction, followed by 
the co-deposition on Ag nanocubes for the generation of Ag@Ag-M core-frame nanocubes. 
The resultant Ag@Ag-Au core-frame nanocubes exhibit enhanced surface-enhanced 
Raman scattering (SERS) activity at an excitation wavelength of 785 nm. On the other 
hand, the Ag@Ag-Pd nanocubes can play as a dual catalyst for probing stepwise catalytic 
reduction and oxidation reactions by SERS. The second strategy involves the use of 
hydroxide to transform Ag nanocubes into Ag@Au and Ag@Pt core-shell nanocubes 
under an alkaline condition. Upon the removal of Ag cores, the Ag@Au core-shell 
nanocubes can be converted into Au nanoboxes with wall thickness less than 2 nm and 
well-defined openings at corners. These nanoboxes embrace strong absorption in the near-
infrared region for potential biomedical applications. In comparison, the Ag@Pt nanocubes 
can be transformed into Pt-based nanocages. These nanocages exhibit improved catalytic 
activity toward the oxygen reduction reaction (ORR). Collectively, this work greatly 
expands the utility of seeded growth for the rational design and synthesis of bimetallic 
nanocrystals with well-defined structures and desired properties.    
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1.1 Noble-Metal Nanocrystals 
In the bulk form, noble metals embrace incredible values because of their rarity in 
the Earth’s crust and their popular use in metallurgy and ornamentation.1 When shrinking 
down to nanoscale structures, they play important roles in the development of new 
applications in catalysis,2–4 sensing,5,6 bio-imaging,7,8 and biomedicines9,10 owing to their 
unique properties arising from size confinement. For example, when the size of a metal 
nanostructure is smaller than the wavelength of incident light, the free electrons in the metal 
will interact with the light strongly through a phenomenon known as surface plasmonic 
resonance.11–14 In this case, the metal nanostructure can serve as an “antenna” to convert 
light into localized electromagnetic fields (E-fields), and ultimately have it directed to 
desired directions/locations. By controlling the size, shape, and composition of a 
nanostructure, one can effectively manipulate the light with remarkable accuracy.15 Among 
various noble metals, silver (Ag) and gold (Au) are the two promising plasmonic materials, 
and their unique properties make them well-suited for a wide variety of photonic 
applications.16–18 On the other hand, palladium (Pd) and platinum (Pt) are extremely 
valuable metals owning to their exceptional and unique properties as a heterogeneous 
catalyst. For example, Pd nanoparticles have been widely used in the catalytic converters 
that could transform up to 90% of the harmful exhaust into less harmful substances such 
as CO2 and N2.19 Pd is also remarkable for its extraordinary capacity to absorb H2. For 
example, it can absorb up to 900 times of its own volume of H2 at room temperature, 
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making it an efficient and safe storage medium for H2.20 In comparison, Pt is an effective 
catalyst toward many reactions that include CO oxidation in catalytic converters, nitric acid 
production, petroleum cracking, and oxygen reduction reaction (ORR) in proton-exchange 
membrane fuel cells (PEMFC).21–25  
 
1.1.1 Localized Surface Plasmon Resonance (LSPR) 
Ag is arguably the most important material in plasmonics. Plasmonic 
nanostructures can generate propagating surface plasmons (PSPs) or localized surface 
plasmons (LSPs) depending on their geometric shapes and dimensions.26,27 For example, 
PSPs will be excited when light interacts with a Ag nanowire with one dimension larger 
than the wavelength of light (Figure 1.1A). Because the electric field associated with the 
light (E0) is not uniform across the structure, the excited free electrons would create PSP 
traveling along the surface of the nanowire.28 In contrast, LSPs are supported by structures 
such as a Ag nanosphere with three dimensions that are much smaller than the wavelength 
of incident light (Figure 1.1B).29 In this case, the nanosphere would experience uniform E0, 
and as a result, the conduction electrons can be displaced from the surface followed by 
their oscillation collectively. When the frequency of incident photons matches the natural 
frequency of surface electrons, the resonance condition will be fulfilled to achieve strong 
oscillation known as localized surface plasmon resonance (LSPR).  
 Mie theory is often used to describe the LSPR by calculating the extinction cross 
section (absorption and scattering) of a metal nanosphere:30 
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Figure 1.1. Schematic illustration of two types of plasmonic nanostructures excited by an 
incident light with a wave vector of k and an electric field of E0: (A) a silver nanowire with 
one dimension much greater than the wavelength of light; and (B) a silver nanosphere with 




where  is the extinction cross section, R is the radius, and  is the relative dielectric 
constant of the medium. This equation indicates that the interaction between a metal 
nanosphere and light depends strongly on the dielectric constants of the metal (εr and εi). 
To accomplish the resonance condition with maximized , both the term of  and 
should be close to zero if the radius of the nanosphere and  are fixed. Typically, Ag 
and Au have negative values of εr and extremely small values of εi (Figure 1.2), making 













Figure 1.2. Plot of the (A) real, εr, and (B) imaginary, εi, components of the dielectric 




Figure 1.3. Quality factor (Q) of the LSPR for a metal/air interface. A higher Q denotes 
less damping and thus a stronger plasmon resonance. The shaded area represents the region 





Another approach is to compare the surface plasmon strength of different metals with 
respect to wavelength is to introduce the quality factor (Q):31 
 
     (Eq.2) 
In Figure 1.3, the Q values are plotted for a number of metals, among which Ag exhibits 
the highest Q across the spectrum from 300–1100 nm. In comparison, other metals can 
only reach a relative high value with a narrow coverage of wavelength. For example, Au 
and Cu, are only suitable in the range from 500–900 nm.32 While Li has a high value of Q 
in the range of 300–1000 nm, it is too reactive to handle in a practical manner. It is also 
worth mentioning that both Pd and Pt are extremely poor plasmonic materials because of 
the very weak coupling between their free electrons and visible light, but they are excellent 
catalysts for a large number of chemical reactions. 
 It has been well-established that the plasmonic properties of metal nanostructures 
can be manipulated by a set of physical parameters that include size, shape, morphology, 
and chemical composition. Using Ag nanocrystals as a model system, the most 
straightforward approach to tailor the LSPR properties is to manipulate their sizes.27,30,33,34 
For example, Xia and his co-workers have demonstrated that the LSPR peak of Ag 
nanocubes can be tuned from 420 to 600 nm by increasing the edge length from 36 to 172 
nm.35 With an increase in size, the charge separation would become larger and ultimately 
the electron oscillation would become slower, leading to a red shift for the LSPR peak 
position. Amazingly, such a linear relationship between edge length and in-plane dipole 
LSPR peak can serve as a simple criterion for the preparation of Ag nanocubes with 













Ag nanocubes by monitoring the change in the LSPR peak position.36 On the other hand, 
the size can control the ratio of absorption to scattering.30 When the radius (R) of a 
nanoparticle is much smaller than the wavelength of light (2πR << λ), the absorption and 
scattering cross sections are directly proportional to R3 and R6, respectively.37 Figure 1.4 
shows the absorption, scattering and extinction spectra calculated for Ag nanospheres of 
40 and 140 nm, respectively, in diameter.38 For the 40-nm sphere, scattering is slightly 
stronger than absorption. When the size is increased from 40 to 140 nm, scattering is 





Figure 1.4. (A) Extinction (black, experimental result), scattering (green), and absorption 
(red) spectra of Ag nanospheres (A) 40 nm and (B) 140 nm, respectively, in diameter 
calculated using Mie theory in water. The extinction spectrum of the larger spheres is 
dominated by scattering and has a broad shoulder owing to the contributions from the 
quadrupole plasmon modes. The smaller sphere exhibits a narrow LSPR peak, and the 







The LSPR properties are highly sensitive to the change in shape or morphology of 
Ag nanocrystals.39 Figure 1.5, A-D, shows the TEM images of the 58-nm Ag nanocubes 
before and after a solvothermal process in the presence of 0.1 mM PVP for 1, 3, and 6 h, 
respectively. A significant change in morphology for the Ag nanocubes was observed, 
starting from relinquishment of sharp corners and edges, followed by continuous rounding 
toward the formation of Ag nanospheres by t = 6 h. Figure 1.6 shows UV-vis spectra taken 
from the aqueous suspension of Ag nanocrystals obtained at time points shown in Figure 
1.5. For the original 58-nm Ag nanocubes, the UV-vis spectrum showed a strong peak at 
468 nm (peak 1), two shoulders at 430 nm (peak 2) and 386 nm (peak 3), and a weak peak 
at 348 nm (peak 4), respectively. Calculations with the discrete dipole approximation 
(DDA) method indicates that the physical origins of peaks 1 and 3 can be attributed to 
dipole resonances while that of peak 2 can be ascribed to a quadrupole resonance, and that 
the dipole contribution is significantly stronger in quantity.43 However, both DDA and 
finite difference time domain (FDTD) electrodynamics calculation have not yet predicted 
the existence of peak 4. During the evolution from cubes to spheres, the strong dipole peak 
1 was blue shifted with its intensity being retained at the same level while the weak dipole 
peak 3 was only in presence for the cubes. This observation may result from the increase 
in symmetry of nanocrystals during the transformation from cubes to spheres. The 
quadrupole peak 2 was also blue-shifted with a gradual decrease in intensity. The 
unassigned peaks 4 showed a trend similar to that of the weak dipole resonance peak 3, 
suggesting that both peaks might arise from the sharp edges and corners of the Ag 
nanocubes.  In principle, nanocrystals with sharp corners could facilitate the charge 
separation and thereby the electron oscillation is hindered, resulting in reduced resonance 
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frequency (with the dipole LSPR peak shifted to the red). The sharpness of corners also 
affects the E-fields created in the proximity to the surfaces of nanocrystals.18,40,41 For 
example, a Ag nanocube with sharp corners and edges can generate E-fields that are 2,000 





Figure 1.5. TEM images of Ag nanocubes after treatment in DI water at 160 oC for (A) 0, 





Figure 1.6. UV-vis spectra of Ag nanocubes with different extents of truncation at corners.  
 
 
Figure 1.7. Experimental (black) and calculated (red) extinction spectra of: (A) Ag 
nanospheres with a diameter of 40 nm; (B) cubes with an edge length of 40 nm; (C) 
octahedrons with an edge length of 40 nm; and (D) right bipyramids with an edge length 




Figure 1.7 shows the extinction spectra of Ag nanocrystals with a set of geometric 
shapes (sphere, cube, bipyramid, and octahedron). The spectra are calculated using the Mie 
theory (for the sphere) and DDA method (for other shapes), respectively, together with the 
experimental data.35,43 Based on these observations, one can easily understand the rules of 
thumb for controlling the LSPR properties by tailoring the shape or morphology of a 
nanocrystal. Firstly, the number of LSPR peaks increases as the symmetry of nanocrystals 
decreases. For example, the nanosphere only has one peak located around 420 nm while 
the nanocube and bipyramid embrace two or more than three distinctive peaks. With higher 
symmetry, the electrons in a nanocrystal will have less polarization modes. In comparison, 
the electrons in nanocrystals with a lower symmetry can be polarized along multiple 
directions, leading to several extinction peaks. It is also anticipated that nanocrystals with 
centrosymmetric element (such as sphere, cube, octahedron) is essential to the formation 
of strong dipole, contributing to strong absorption and scattering properties.  
Secondly, by creating hollow interiors, the LSPR peaks of metal nanostructures can 
be greatly shifted to the red while maintaining the size of the structure.44 Figure 1.8 shows 
LSPR spectra of aqueous suspensions of Ag nanocubes before and after they had reacted 
with different amounts of HAuCl4 in the presence of a reducing agent as such ascorbic acid. 
The LSPR peak of the Ag nanocubes was continuously shifted from 434 to 566 nm during 
the transformation of Ag nanocubes into Ag-Au hollow nanocubes.44,45  
Thirdly, because Au and Ag nanocrystals have their own distinctive LSPR properties, 
the LSPR properties of the resultant nanoparticles made of Ag-Au alloys are sensitive to 
the elemental composition.46 Figure 1.9 shows the UV-vis spectra of Au-Ag alloy 
nanoparticles that were prepared in an aqueous solution through the co-reduction of 
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HAuCl4 (Au precursor) and AgNO3 (Ag precursor) at various mole fractions, with sodium 
citrate serving as a reducing agent.47 It was found that the LSPR peak position of Au 





Figure 1.8. UV-vis spectra of Ag nanocubes before and after they had reacted with 






Figure 1.9. UV-vis spectra of Au and Au-Ag alloy nanoparticles with varying Au mole 
fraction, χAu. The inset shows how the absorption maximum of the plasmon band depends 




1.1.2 Surface-Enhanced Raman Scattering (SERS) 
 Raman spectroscopy can reveal the “fingerprint” information of molecules from 
their vibrational transitions.48 Unfortunately, the extremely small Raman scattering cross 
section, typically between 10-30 and 10-25 cm2 per molecule,49 makes it challenging to 
compete with laser-induced fluorescence spectroscopy (with a cross section on the order 
of 10-16 cm2 per molecule) for trace detection.50 Since the discovery by Van Duyne and 
Jeanmaire in 1977,51 surface-enhanced Raman spectroscopy (SERS) has emerged as a 
powerful tool for detecting the molecules adsorbed on metal nanostructures with 
unprecedented sensitivity. After several decades of exploration, it is well-established that 
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SERS relies on the enhancement of electromagnetic fields around a metal nanostructure to 
enlarge the Raman scattering cross sections of molecules in proximity to the surface. To 
this end, many groups have demonstrated that Ag and Au nanocrystals with sharp corners 
and edges could enhance the Raman scattering cross by 1010 or 1011 folds in terms of 
enhancement factor (EF).48,52 Also, it was found that the SERS activity of Ag nanocrystals 
was at least one order of magnitude higher than Au nanocrystals with a similar size and 
shape.34 As a result, Ag-based SERS substrates have been extensively used for the trace 
detection of chemical and biological species.53–57 Unfortunately, the susceptibility of Ag to 
oxidation often results in changes to the morphology and thereby deterioration of their 
SERS performance. 
 In a typical SERS measurement, EF is often used to quantify the effect of the 
amplification using the following equation:58,59 
 






                     (Eq. 2) 
 
where Eout(ω) and Eoutω-ωυ are the incident excitation and the resulting Stokes’ shifted 
Raman electromagnetic fields, respectively. In practice, EF is calculated using the 
enhanced Raman intensity ISERS(ωυ), the number of molecules bound to the metal surface 
Nsurf, the normal Raman intensity INRS(ωυ), and the number of molecules in the excitation 
volume Nvol . The major challenge in calculating EF arises from the challenges in the 




1.1.3 Catalytic Properties 
 Among all the noble metals, Pt and Pd exhibit remarkable catalytic activity toward 
a wide range of reactions in industrial processes.24,60–62 Today, the catalyst commonly used 
for oxygen reduction reaction (ORR) is based on 3-5 nm Pt nanoparticles supported on 
carbon (Pt/C). Because of the low specific activity and poor stability associated with such 
small particles with poorly defined shapes, a large amount of Pt is often required for their 
deposition on the cathode of a PEMFC device. One approach to reduce the use of Pt is to 
develop nanoparticles with hollow interiors and porous walls such as Pt-based 
nanocages.63–68 In this structure, the Pt atoms located on the inner surface can also 
participate in the catalytic reaction, making it possible to achieve higher specific surface 
areas and thus improved mass activities. On the other hand, Pd is an important catalyst in 
the catalytic converters for CO oxidation, making it a good substitute of Pt because it offers 
comparable activity at much lower cost. Because Pd has the lowest energy barrier to the 
dissociation of H2 into atomic hydrogen for the hydrogenation reaction of unsaturated 
compounds, Pd nanoparticles have the capacity to adsorb high volume of H2, making them 
a great catalyst for hydrogenation and dehydrogenation reactions.69,70 Additionally, Pd 
exhibits catalytic activity toward Suzuki,71 Stille,72 and Heck coupling reactions.73,74 It is 
also worth mentioning that Au and Ag exhibit catalytic activities toward certain specific 
reactions. For example, Au nanoparticles with size smaller than 2 nm have been used as 
the catalyst for CO oxidation,75 and Ag nanoparticles are often used as a catalyst for 
epoxidation reaction.76  
 
1.2 Synthesis of Noble-Metal Nanocrystals 
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1.2.1 Synthesis of Silver Nanocrystals 
The ability to synthesize Ag nanocrystals in a solution phase with controls in size 
and shape has created many excellent opportunities to develop plasmonic applications.77–
79 In a typical reaction, Ag(I) precursor is mixed with a reducing agent and a colloidal 
stabilizer in a solvent. Under desired reaction conditions, the Ag+ ions are reduced to 
generate small clusters, which undergo nucleation and finally grow into the desired shape 
and size. Over the past several decades, the following methodologies have been developed 
for the production of Ag nanocrystals.  
Citrated reduction: Lee and Meisel reported the synthesis of Ag nanoparticles by 
reducing AgNO3 with citrate in an aqueous solution.80 Because the reaction is conducted 
at an elevated temperature, it is extremely difficult to control the uniformity of the resultant 
nanoparticles. Additionally, it is very challenging to produce Ag nanoparticles with well-
defined shapes because the growth mechanism remains elusive.81–83  
Silver mirror reaction: Since the discovery by Justus von Liebig in 1835, this 
reaction has been widely used to coat Ag on other metal substrates in large quantity:84  
  
In a typical process, AgNO3 is the precursor to generate  that is further reduced 
by an aldehyde-containing compound to produce elemental Ag. This reaction has been 
extended to prepare Ag nanoparticles with relative narrow size distribution, but it is still 
impossible to control the shape of the final products.  
Polyol synthesis: As the most robust and versatile route to the preparation of Ag 
nanocrystals with controls in size and shape, one can maneuver the experimental 
parameters, such as temperature, concentrations of reagents, presence of trace ions, and 
RCHO + 2Ag NH
3( )2
+











choice of reagents, to produce desired nanostructures such as wires, rods, right bipyramids, 
beams, cubes, and octahedrons.16,78,85–87 In a typical process, ethylene glycol serves as the 
reducing agent and solvent.77,88 Upon reduction of Ag(I) precursor to Ag element, the 
accumulation of Ag atoms leads to the formation of small Ag clusters, followed by their 
further growth into single-crystal, single-twinned, or multi-twinned seeds. Each type of 
seeds could continue to grow into products with different shapes using a capping agent to 
passivate various types of facets on the Ag seeds. For example, the capping of 
poly(vinylpyrrolidone) (PVP) and citrate toward {100} and {111} facets of Ag would lead 
to the formation of Ag nanocubes and octahedrons, respectively.89  
 
1.2.2 Synthesis of Noble-Metal Nanocrystals via Seeded Growth 
Unlike the methods listed in the aforementioned discussion, seeded growth uses the 
preformed nanocrystals as seeds for further growth, making it possible to separate 
nucleation from growth for the syntheses of mono- and bi-metallic nanocrystals with 
exquisite controls in size, shape, and composition.90–93 In general, there are two categories 
of seeded growth: homogeneous and heterogeneous growth. When the seed crystal is 
composed of the same metal as the atoms being deposited on the surface, it is referred to 
as a homoepitaxial process. A typical example includes the growth of Ag on Ag seeds.94,95 
Alternatively, when the seeds and the added atoms are chemically different, it is defined as 
a heteroepitaxial process. In this case, if the metal being deposited has the same crystalline 
structure and lattice constant as the seed, the crystal structure of the seed would be 
transferred to the bimetallic nanocrystals via epitaxial overgrowth in an alloy, core-frame, 
or core-shell structure.96–98  
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Seeded growth was initially demonstrated by Murphy for the growth of Au 
nanorods with Au-based seeds99 and by Xia for the synthesis of Ag nanowires with Pt-
based seeds.100 In recent years, this method has been extensively explored by many 
research groups and successfully extended to essentially all the noble metals in a mono- or 
bimetallic format.71,97,99,101–108 By maneuvering the reduction kinetics involved in a growth 
process, it has also become feasible to control the growth pattern and thus symmetry of the 
resultant nanocrystals.109–111 Despite the remarkable success, the capability of seeded 
growth is, however, critically limited by galvanic replacement when the deposited metal is 
less reactive than the seed (e.g., when Ag nanocrystals are used as seeds for the growth of 
Au, Pd, or Pt). The involvement of galvanic replacement not only makes it hard to control 
the pathway and outcome of seeded growth but also places a fundamental restriction on the 
type of bimetallic nanocrystals that could be prepared through seeded growth. 
 
1.2.3 Synthesis of Hollow Nanostructures by Galvanic Replacement Reaction 
 Galvanic replacement is an electrochemical process that involves the oxidation of 
a sacrificial metal template by ions of another metal having a higher reduction potential. It 
has been actively explored as a versatile route to the syntheses of bimetallic nanostructures 
with hollow interiors and highly tunable compositions, as well as novel optical and 
catalytic properties.60,61,112–119 For example, the galvanic replacement reaction between Ag 
nanocubes and HAuCl4 has been employed to produce hollow nanostructures made of Ag-
Au alloys, together with porous walls. In a typical process, Au atoms are derived from a 
Au(III) precursor at the expense of three Ag atoms, followed by their deposition onto the 
surface of a Ag nanocube. Ultimately, the Ag nanocube is transformed into a nanobox and 
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then a nanocage through the interplay of alloying and dealloying between Au and Ag. In 
contrast to Ag nanocubes with their LSPR peaks positioned around 420 nm, these Ag-Au 
nanoboxes and nanocages exhibit LSPR peaks precisely tunable in the range of 500 nm to 
1200 nm.120,121 Likewise, galvanic replacement will also occur when Ag nanocubes are 
mixed with Na2PdCl4 or K2PtCl4 in an aqueous solution, leading to the formation of Ag-
Pd or Ag-Pt bimetallic hollow nanostructures with tunable compositions and interesting 
catalytic properties.62,113,114 
 
1.3 Motivation of the Research  
 Silver is arguably the best choice of material for plasmonics and related 
applications owing to its relatively low cost and favorable dielectric functions. The 
significant progress in the synthesis of Ag nanocrystals with controlled shapes and sizes 
provide many opportunities to tailor their properties and thus optimize their performance 
in a range of applications. In particular, Ag nanocrystals have been prepared with sharp 
features (e.g., edges and corners) on the surface to drastically augment their SERS 
activity.122 However, the sharp features tend to vanish due to the high susceptibility of Ag 
toward oxidative etching.123 As another pitfall, Ag is limited in terms of catalytic 
application as it only shows activity toward oxidation reactions such as epoxidation,124 not 
reduction reactions.  
 One can address the aforementioned limitations of Ag nanocrystals by introducing 
a second noble metal (M) such as Au, Pd, or Pt to generate Ag-M bimetallic nanocrystals.125 
In principle, Ag-M bimetallic nanocrystals can take at least three different configurations, 
in the form of alloy, core-frame, and core-shell, respectively. An alloy is a solid solution, 
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in which the Ag and M atoms are miscible to each other at the atomic scale. In the case of 
Ag and Au, alloy nanocrystals with tunable compositions can be obtained via a co-
reduction route.126 However, it is challenging to manipulate and control the shape taken by 
the alloy nanocrystals, primarily due to the lack of a capping agent that can selectively bind 
to the same facet of different metals. As for the Ag-M core-frame and core-shell 
nanocrystals, they can be readily prepared using seeded growth by simply depositing M 
atoms on the surface of preformed Ag nanocrystals. This approach immediately benefits 
from the large number of Ag nanocrystals that have been prepared with well-controlled 
shapes. When the M atoms are selectively deposited on the edges of a Ag nanocrystal, for 
example, a Ag@M core-frame nanocrystal is formed.127 In this structure, the excellent 
plasmonic and SERS properties of the Ag core are well retained while the deposited M can 
bring in new catalytic capabilities. Alternatively, when the M atoms are conformally 
deposited on the entire surface, a Ag@M core-shell nanocrystal is created.128 In this case, 
the M shell can greatly improve the chemical stability of the particle, in addition to the new 
catalytic properties associated with M. If the shell is kept below 1-2 nm thick, the excellent 
plasmonic and SERS properties of the Ag core can still be leveraged. Significantly, both 
SERS and catalytic properties can be integrated in the core-frame and core-shell 
nanocrystals to offer a unique probe for in situ detection and analysis of catalytic reactions 
by SERS. 
 
1.4 Scope of the Research 
The aim of this work is to develop galvanic-free seeded growth of a second metal 
M (M: Au, Pd, and Pt) on Ag nanocrystal seeds for the generation of Ag@M core-frame 
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and core-shell bimetallic nanocrystals and their derivatives. Our strategy involves the use 
of a parallel reaction to compete with and thus suppress the galvanic reaction. When Ag 
nanocrystals are mixed with a salt precursor to M in the presence of a reducing agent, the 
added Mn+ can be reduced by both the Ag seeds (via galvanic replacement at a rate of Rgal) 
and reducing agent (via chemical reduction at a rate of Rred). Under Rred > Rgal, Mn+ will be 
primarily reduced by the reducing agent instead of participating in the galvanic 
replacement. When self-nucleation is eliminated by titrating the precursor in a dropwise 
fashion, the M atoms derived from the chemical reduction can be directed to nucleate from 
the surface of the Ag seeds, generating Ag-M bimetallic nanocrystals with a core-frame or 
core-shell structure. The dissertation is organized into two main sections: i) galvanic-free 
seeded growth of M on Ag nanocubes for the generation of Ag@Ag-M core-frame 
nanocubes and Ag@M core-shell nanocubes, and ii) fabrication of Au-based nanoboxes 
and Pt-based nanocages for applications in plasmonics and catalysis.  
In Chapter 2, with the use of Ag nanocubes as a model system, we describe one 
approach to the replacement-free synthesis of Ag@Ag-M (M: Au and Pd) core-frame 
nanocubes through seeded growth. The strategy involves the co-titration of aqueous Mn+ 
and Ag+ ions into precursor into an aqueous mixture of Ag nanocubes, ascorbic acid 
(H2Asc, a reducing agent), and PVP (a colloidal stabilizer) at pH = 3.2 under ambient 
condition. Because the added Ag+ ions are able to push the galvanic replacement backward, 
Rgal can be reduced to attain Rred > Rgal. As the proof-of-concept, we demonstrate the 
fabrication of Ag@Ag-Au core-frame nanocubes by co-titrating AgNO3 and HAuCl4 into 
an aqueous suspension of Ag nanocubes. When the molar ratio of AgNO3 to HAuCl4 is 
larger than three, we discover that the added Ag+ ions could effectively push the galvanic 
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replacement reaction between Ag nanocubes and HAuCl4 backward and thus inhibit it, 
making it possible to achieve the co-reduction of the two precursors by H2Asc without 
involving any galvanic replacement. By increasing the volumes of the two co-titrated 
precursors, we validate that the added AgNO3 and HAuCl4 are completely reduced to Ag 
and Au atoms, respectively, followed by their co-deposition onto the edges, corners, and 
then side faces of the Ag nanocubes in a fashion similar to seeded growth. As a result, the 
co-titration process offers an exquisite control over the relative amounts of Ag and Au 
atoms being deposited by simply varying the feeding ratio between the two precursors. We 
also demonstrate that the Ag@Ag-Au core-frame nanocubes exhibit unique plasmonic 
properties. Upon etching of the Ag templates from the core-frame nanocubes by an oxidant, 
we obtain Ag-Au nanoframes that could serve as an active catalyst for the reduction of 4-
nitrophenol by NaBH4. The co-titration methodology can be simply extended to the 
fabrication of Ag@Ag-Pd core-frame nanocubes by co-titration of Na2PdCl4 and AgNO3. 
These core-frame nanocubes with an integrated catalytic activity from Pd and SERS 
activity from Ag can be used as a probe for monitoring stepwise reduction and oxidation 
reactions by SERS.   
 In Chapter 3, we describe another approach to the replacement-free synthesis of 
Ag@Au core-shell nanocubes via seeded growth. The synthesis involves the dropwise 
titration of aqueous HAuCl4 precursor into an aqueous mixture of Ag nanocubes, H2Asc, 
PVP, and NaOH at pH = 11.9. Different from the protocol used in the co-titration 
methodology described in Chapter 2, we include NaOH in the reaction solution and titrate 
HAuCl4 precursor without any involvement of AgNO3. To understand the mechanistic 
roles of hydroxide in controlling the deposition of Au on colloidal Ag nanocubes, we 
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perform a set of experiments by introducing different amounts of NaOH to adjust the initial 
pH of the reaction solution from 3.2 to 11.9, followed by the titration of HAuCl4. We 
elucidate that the OH− ions from NaOH can affect the reduction kinetics of the Au(III) 
precursor in a number of ways and thereby the deposition pathways of the Au atoms. First 
of all, the OH− can accelerate the reduction kinetics by neutralizing H2Asc into ascorbate 
monoanion (HAsc−), the true player behind the reduction power of ascorbic acid. Secondly, 
the OH− can neutralize the added HAuCl4 and progressively transform AuCl4− into 
AuCl3(OH)−, AuCl2(OH)2−, AuCl(OH)3−, or Au(OH)4− through ligand exchange, 
generating Au(III) precursors with increasingly lower reduction potentials and thus lower 
probability for galvanic replacement reaction with Ag nanocubes than AuCl4−. Thirdly, the 
OH− can react with the Ag+ ions released from the galvanic reaction to generate Ag2O 
patches at the corners of Ag nanocubes. Our results indicate that, when the initial pH is 
controlled in the range of 10.3-11.9, the reduction of Au(III) is initiated by Ag nanocubes 
but dominated by HAsc− afterwards, leading to the formation of Ag@Au core-frame and 
then core-shell nanocubes.  
In Chapter 4, we demonstrate the transformation of the Ag@Au core-shell 
nanocubes into cubic nanoboxes with a wall thickness below 2 nm, together with well-
defined openings at the corners, while they are kept as compact as 20 nm. The success 
relies on the selective formation of Ag2O patches at the corners of Ag nanocubes during 
the synthesis of Ag@Au core-shell nanocubes as described in Chapter 3. Specifically, 
when Au3+ is titrated into a suspension of Ag nanocubes with slight corner truncation in 
the presence of NaOH and H2Asc, a small amount of Ag would be dissolved from the 
corners because of its galvanic replacement with Au3+. Owing to the presence of OH− ions, 
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Ag2O is immediately formed at the corners, impeding further dissolution of Ag from the 
nanocubes. From this point, the resultant Au atoms are deposited on the side faces, 
followed by the conformal, layer-by-layer deposition of more Au formed through the redox 
reaction with HAsc−. Later, the Ag2O at the corners can be removed using a weak acid, 
making it feasible to completely etch away the Ag core without breaking the Au shell as 
thin as 2 nm. These Au nanoboxes exhibit strong absorption in the near infrared region for 
potential applications as contrast agents in optical imaging and as capsules in controlled 
release.  
In Chapter 5, we develop a facile synthesis of Pt-Ag nanocages with wall thicknesses 
as thin as 2 nm by depositing a few atomic layers of Pt as conformal shells on Ag nanocubes 
and then removing the Ag template via selective wet etching. Similar to the protocol 
discussed in Chapter 3 for the synthesis of Ag@Au core-shell nanocubes, we inject H2PtCl6 
into an aqueous mixture of Ag nanocubes, H2Asc, NaOH, and PVP at an initial pH of 11.9 
under ambient conditions. In this case, Pt(IV) ions can quickly form stable complexes with 
the nitrogen atoms in PVP, preventing them from evolving into PtCl5(OH)2− and 
PtCl4(OH)22− through ligand exchange with H2O and OH–. The Pt(IV) precursor should be 
mostly reduced by ascorbate monoanion derived from the neutralization of H2Asc with 
NaOH under an alkaline condition. The newly formed Pt atoms are deposited onto the 
edges and then corners and side faces of Ag nanocubes, leading to the generation of 
Ag@Pt3L core-shell nanocubes with a conformal Pt shell thickness of only about three 
atomic layers (or ca. 0.6 nm). After the selective removal of Ag cores using an etchant 
based on Fe(NO3)3, we transform the core-shell nanocubes into Pt-Ag alloy nanocages with 
an ultrathin wall thickness of less than 2 nm. We further demonstrate that the as-obtained 
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nanocages with a composition of Pt42Ag58 exhibit enhanced catalytic activity toward the 
oxygen reduction reaction, with mass activity of 0.30 A mg−1 and specific activity of 0.93 
mA/cm2, which are 1.6 and 2.5 times greater than those of the Pt/C catalyst, respectively.  
 
1.5 Notes to Chapter 1 
Part of the chapter is adapted from the article “Enriching Silver Nanocrystals with 
a Second Noble Metal” published in Accounts of Chemical Research.129  
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CHAPTER 2. FABRICATION OF BIMETALLIC CORE-FRAME 





Noble-metal nanocrystals have received growing interests in recent years owing to 
their fascinating properties and widespread use in applications that include heterogeneous 
catalysis,1–3 plasmonics,4 optoelectronics,5 optical sensing,6,7 biomedical imaging,8,9 and 
nanomedicine.10,11 As demonstrated by many examples, the performance of nanocrystals 
in all these applications can be greatly augmented by switching from monometallic to 
bimetallic systems. The inclusion of a second metal can enhance the properties and greatly 
expand the application landscape by bringing in new capabilities.12-14 Among various 
methods, seeded growth has emerged as the foremost approach to the generation of 
bimetallic nanocrystals with many exquisite controls over the products.15–18 As we 
discussed in Chapter 1, this approach involves the use of nanocrystals with a uniform size 
and shape as seeds for the heterogeneous nucleation and growth of the same or a different 
metal to produce nanocrystals with novel properties. By simply maneuvering the 
experimental parameters, including the type of precursor, the reducing agent, and the 
amount of precursor relative to the number of seeds involved, one can obtain nanocrystals 
with many different sizes, shapes, compositions, and structures.  
Although seeded growth has been successfully applied to essentially all noble 
metals in both mono- and bimetallic formats,16,19–28 its capability involving two different 
metals has long been limited by the galvanic replacement reaction between the seeds and 
the precursor to the second metal. For example, when seeds made of Ag are mixed with 
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HAuCl4 (a precursor to Au), the more reactive Ag is spontaneously oxidized and dissolved 
(partially or completely) from the seeds.29 Likewise, Ag seeds could also react with PdCl42− 
or PtCl62− in an aqueous solution, leading to their transformation into bimetallic hollow 
nanostructures comprised of a Ag-Pd or Ag-Pt alloy.30–31 To this end, the destruction of the 
original seeds, which are supposed to serve as the physical templates only to guide the 
deposition of another metal, makes it difficult to control the growth pattern and generate 
the desired structures.  
In principle, one could circumvent the galvanic replacement reaction between the 
seeds and a precursor to the other metal by introducing a faster parallel reduction reaction 
to compete with and thereby block the galvanic replacement reaction. The argument is that 
the precursor will be reduced to atoms immediately upon introduction into the reaction 
solution before it can undergo galvanic replacement with the seeds. As an illustration, when 
the aqueous HAuCl4 solution is titrated into an aqueous suspension containing Ag 
nanocrystals in the presence of a strong reducing agent and a colloidal stabilizer, the added 
HAuCl4 could be reduced by both the Ag (via galvanic replacement, with a rate of Rgal) 
and the reductant (via chemical reduction, with a rate of Rred). At Rred > Rgal, HAuCl4 should 
be exclusively reduced by the reducing agent to generate Au atoms. In the absence of self-
nucleation, the newly formed atoms will nucleate and then grow on the Ag seeds to 
generate bimetallic nanocrystals in a seeded-growth manner. Mirkin was among the first 
to demonstrate this concept by depositing corrugated Au on Ag nanoprisms for the 
formation of Ag-Au alloy shell on the surfaces of these nanocrystals.32 Our group 
demonstrated the deposition of Au atoms on Ag nanocubes as conformal, ultrathin shells 
to generate Ag@Au core-shell nanocubes.33 
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Another approach to attaining the condition of Rred > Rgal is to retard the galvanic 
replacement reaction between Ag and HAuCl4 (i.e., to reduce Rgal). To this end, Yin and 
co-workers introduced I− ions into a system involving Ag nanoplates, HAuCl4, and a 
reducing agent. The complexation of Au3+ with I− ions could decrease the reduction 
potential of Au3+ and thereby reduce Rgal. Consequently, chemical reduction for the AuI4− 
precursor would generate Au atoms for their deposition onto the Ag nanoplates to generate 
Ag@Au core-shell nanoplates.34,35 Using a similar approach, Kitaev and co-workers 
successfully deposited thin shells of Au on the surfaces of Ag decahedra or pentagonal 
nanorods by titrating aqueous HAuCl4 into a suspension of the Ag nanocrystals at a rate of 
3.2 nmol h−1 up to 12 h.36 Their results suggest that an extremely low concentration of 
HAuCl4 in the reaction solution could diminish Rgal and thus eliminate the possibility to 
generate pits on the Ag templates.  
In this chapter, we report a systematic study that involves the co-titration of aqueous 
AgNO3 and HAuCl4 into an aqueous suspension of Ag nanocubes in the presence of a 
reducing agent such as ascorbic acid (H2Asc) and poly(vinylpyrrolidone) (PVP) to retard 
the galvanic replacement reaction (i.e., to reduce Rgal). We discovered that the supply of 
AgNO3 and HAuCl4 at a molar ratio of three and above could effectively impede the 
galvanic replacement reaction between Ag nanocubes and AuCl4− by accelerating its 
reverse process, achieving co-deposition of Ag and Au atoms on the surfaces of Ag 
nanocubes. In contrast, when the molar ratio of AgNO3 to HAuCl4 was below three, the 
Ag nanocubes were transformed into Ag-Au hollow nanocubes due to the involvement of 
galvanic replacement between Ag and AuCl4−, in consistent with previous observations 
reported in the literature.37 Most significantly, we validated that all the co-titrated AgNO3 
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and HAuCl4 precursors could be completely reduced by H2Asc to produce Ag and Au 
atoms, followed by their co-deposition onto the Ag nanocubes. Because the specific surface 
free energies of the low-index facets on Ag nanocubes decrease in the order of γ(110) > γ(111) > 
γ(100), Ag and Au atoms derived from the reduction by H2Asc should be sequentially 
deposited on the edges, corners, and side faces for the formation of Ag@Ag-Au core-frame 
and then core-shell nanocubes.  As such, co-titration offers an exquisite control over the 
relative amounts of Ag and Au being deposited on the Ag nanocubes by simply varying 
the feeding ratio between their precursors. These Ag@Ag-Au core-frame nanocubes 
exhibit unique plasmonic properties, together with an improved surface-enhanced Raman 
scattering (SERS) performance relative to the original Ag nanocubes at 785 nm laser 
excitation. Upon etching with 3% H2O2, the Ag@Ag-Au core-frame nanocubes are 
transformed into Ag-enriched Ag-Au nanoframes with catalytic activity toward the 
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4.  
We also demonstrated the fabrication of Ag@Ag-Pd core-frame nanocubes by co-
titrating Na2PdCl4 and AgNO3 while keeping the other experimental parameters unaltered.3 
Because the reduction potential of PdCl42− is lower than that of AuCl4− and thus decrease 
the driving force for galvanic replacement reaction, the lower limit of molar ratio between 
AgNO3 and Na2PdCl4 can be reduced to 0.5. In this case, the added Na2PdCl4 precursor 
could only be partially reduced by H2Asc, making it impossible to control the atomic ratio 
between the deposited Pd and Ag atoms. However, we could maneuver the elemental 
composition of the resultant nanostructures by varying the titration volume for both 
precursors. Similar to the Ag-Au system, the Ag and Pd atoms derived from the co-
reduction are co-deposited on the edges, corners, and side faces of Ag nanocubes 
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progressively as the titration volume increases. The as-prepared Ag@Ag-Pd core-frame 
nanocubes can be used as a dual catalyst for probing stepwise Pd-catalyzed reduction and 
Ag-catalyzed oxidation reactions. Upon the removal of the Ag core, the resultant Ag-Pd 
nanoframes exhibited markedly enhanced catalytic activity toward the reduction of 4-NP 
to 4-AP, as well as great mechanical stability.  
 
2.2 Experimental Section 
Chemicals and Materials. Silver trifluoroacetate (CF3COOAg, 98%), sodium 
hydrosulfide hydrate (NaHS·xH2O), aqueous hydrochloric acid (HCl, 37%), PVP with an 
average molecular weight of 29,000 (PVP-29k) or 55,000 (PVP-55k), gold(III) chloride 
trihydrate (HAuCl4·3H2O, 99.9+%), silver nitrate (AgNO3, 99+%), sodium 
tetrachloropalladate(II) (Na2PdCl4, 99.99+%), H2Asc (99%), sodium borohydride (NaBH4, 
99.99%+), 1,4-benzenedithiol (1,4-BDT), 4-NP, 4-NTP, ethanol (200 proof), and hydrogen 
peroxide (H2O2, 30 wt.% in H2O) were all acquired from Sigma-Aldrich. Sodium 
hydroxide (NaOH, 98+%) and acetone (99.5+%) were purchased from Alfa Aesar. 
Ethylene glycol (EG) was purchased from J. T. Baker. All chemicals were used as received. 
All the aqueous solutions were prepared using deionized (DI) water with a resistivity of 
18.2 MΩ·cm at room temperature.  
Synthesis of Ag nanocubes. We prepared Ag nanocubes by following a protocol 
developed by Xia and co-workers.38 In a typical synthesis, 5 mL of EG was introduced into 
a 0.1-L round bottom flask and heated under magnetic stirring in an oil bath preset to 
150 °C, followed by quick injection of NaHS (60 µL, 3 mM in EG). After 2 min, 0.5 mL 
of HCl (3 mM in EG) was quickly added, followed by the introduction of 1.25 mL of PVP-
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55k (20 mg/mL in EG). After another 2 min, 0.4 mL of CF3COOAg in EG (282 mM) was 
introduced. During the entire synthesis, the flask was capped with a glass stopper, except 
for the introduction of reagents. As soon as the major LSPR peak of the Ag nanocubes had 
been shifted to 436 nm, the reaction was quenched using an ice-water bath to obtain the 
Ag nanocubes. After mixing with acetone, the Ag nanocubes were collected by 
centrifugation at 6500 rpm for 5 min, washed with DI water three times, and re-dispersed 
in DI water for storage and future use. As shown in Figure 2.1, the Ag nanocubes had an 
average edge length of an average edge length of 39.2±1.6 nm, together with slight 
truncation at the corners and edges.   
Synthesis of Ag@Ag-Au core-frame nanocubes and Ag-Au nanoframes. In a 
standard synthesis of core-frame nanocubes, 2 mL of PVP-29k (1 mM) aqueous solution 
was pipetted into a 23 mL glass vial, followed by the addition of 0.5 mL of aqueous H2Asc 
(0.1 M) and 10 µL of the aqueous suspension of Ag nanocubes under magnetic stirring. 
Next, different volumes of aqueous HAuCl4 solution (0.1 mM) and aqueous AgNO3 
solution (0.3 mM) were co-titrated at a rate of 20 µL/min using a syringe pump at room 
temperature. After the completion of co-titration, the reaction was continued for another 
10 min. We then collected solids by centrifugation at 6000 rpm for 10 min, washed with 
DI water twice, and stored in DI water. The Ag-Au nanoframes were prepared by mixing 
0.9 mL of the as-obtained Ag@Ag-Au nanocubes with 0.1 mL of 30% aqueous H2O2 (at a 
final concentration of 3%) for 1 h. The resultant nanocubes and nanoframes were washed 
with DI water twice and re-dispersed in DI water.  
Synthesis of Ag@Ag-Pd core-frame nanocubes and Ag-Pd nanoframes. In a 
typical synthesis of core-frame nanocubes, 2 mL of aqueous PVP-29k (1 mM) was added 
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into a 23-mL glass vial, followed by the introduction of 0.5 mL of aqueous H2Asc (0.1 M) 
and 10 µL of the aqueous suspension of Ag nanocubes under magnetic stirring. Next, 
different volumes of aqueous Na2PdCl4 (0.2 mM) and aqueous AgNO3 (0.1 mM) were co-
titrated into the solution with a rate of 20 µL/min using a syringe pump at room temperature. 
Upon the completion of co-titration, the reaction solution was magnetically stirred for 
another 24 h at room temperature. The products were collected by centrifugation at 8000 
rpm for 15 min, washed with DI water three times, and stored in DI water for future use. 
For the synthesis of Ag-Pd nanoframes, we firstly followed the standard procedure for the 
synthesis of Ag@Ag-Pd core-frame by co-titrating Na2PdCl4 (0.1 mM) and aqueous 
AgNO3 (0.1 mM) while keeping other parameters the same. After the collection of products 
by centrifugation at 8000 rpm for 15 min, we incubated them in 1.5 mL of 2.3% H2O2 for 
1 h. The resultant Ag-Pd nanoframes were washed with DI water twice and then re-
dispersed in DI water for further use.  
SERS measurements. We fabricated a sample cell by attaching a 
polydimethylsiloxane (PDMS) block to a glass slide. We added 20 µL of liquid sample 
into a small hole punched in advance on the PDMS and then placed a glass cover slip with 
a thickness of 0.17 mm on the top to prevent solvent from evaporation. The cover slip was 
also used as a reference point when we lowered the focal plane 0.2 mm into the sample. 
The Raman spectra were recorded from the solution phase using a Renishaw inVia Raman 
spectrometer coupled with a Leica microscope with a 5× or 100× objective lens. We used 
the excitation wavelength of 532 nm equipped with a holographic notch filter with a grating 
of 2400 lines/mm or 785 nm equipped with a holographic notch filter with a grating of 
1200 lines/mm. We started the measurements with a collection time of 1 s and adjusted the 
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focal plane to get stable SERS signals. To improve signal to noise ratio, we increased the 
collection time to 7 or 30 s.  
SERS measurements of 1,4-BDT functionalized nanoparticles: The Ag nanocubes 
and Ag@Ag-Au core-frame nanocubes were collected by centrifugation at 4,500 rpm for 
20 min and then functionalized with 1 mL of 1,4-BDT (10-4 M) in ethanol for 1 h at room 
temperature. The functionalized nanoparticles were collected by centrifugation at 4,200 
rpm for 20 min, washed with DI once, collected again by centrifugation at 4,000 rpm for 
20 min, and then dispersed in 1 mL of DI water for UV-vis measurement. Only when 
confirmed by UV-vis that there was no aggregation for the nanoparticles after surface 
functionalization with the probe molecule, we would proceed to perform SERS 
measurements. We maintained a concentration of approximately 4.2×1010 particles/mL for 
all samples.  
In situ SERS monitoring of the reduction of 4-NTP by NaBH4: The Ag nanocubes 
or Ag@Ag-Pd core-frame nanocubes were dispersed in 1 mL of 4-NTP (10−6 M) in ethanol 
for 1 h under ambient condition. The 4-NTP-functionalized nanocubes were washed with 
DI water twice and re-suspended in DI water to attain a concentration of approximately 
8.7×1010 particles/mL. Upon mixing 0.1 mL of the nanocube suspension with 0.1 mL of 
0.1 mg/mL aqueous NaBH4 solution in a centrifuge tube, the reduction of 4-NTP on the 
surfaces of nanocubes proceeded at room temperature. By withdrawing 20 µL of the 
reaction solution every 2 min and placing the sample in a PDMS sample cell, we monitored 
the progress of the reaction by SERS. The SERS spectra were collected using a 5× 
objective lens with laser excitation at 532 nm (50 mW). We maintained a collection time 
of 7 s for all samples.  
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Catalytic characterization of Ag-Au and Ag-Pd nanoframes. In a typical 
measurement, 2 mL of 4-NP (0.2 mM), 5 mL of DI water, and 1 mL of NaBH4 (50 mg/mL, 
freshly prepared, ice-cold) were added into a 23-mL glass vial, followed by the introduction 
of 1.4×1011 Ag-Au nanoframes as a catalyst to initiate the reaction. We monitored the 
progress of the reaction by withdrawing 1 mL of the solution every 2 min for the collection 
of UV-vis spectra in the range of 250−550 nm. We then plotted the absorbance at 400 nm 
as a function of reaction time. To evaluate the catalytic activities of Ag-Pd nanoframes, 
Ag@Ag-Pd nanocubes, and Ag nanocubes, we followed the same protocol but kept the 
number of nanoparticles at 1.5 × 1010. 
Instrumentation and characterization. The UV-vis spectra were recorded using 
a Cary 50 spectrometer (Agilent Technologies, Santa Clara, CA). The contents of Au and 
Ag were determined using an inductively coupled plasma mass spectrometer (ICP-MS, 
NexION 300Q, PerkinElmer, Waltham, MA). A routine centrifuge (Eppendorf 5430) was 
used for the collection and washing of samples and the preparation of ICP-MS sample. 
Transmission electron microscopy (TEM) images were taken using a Hitachi HT7700 
microscope (Hitachi, Tokyo, Japan) operated at 120 kV. Scanning electron microscopy 
(SEM) images were captured using a Hitachi SU-8230 microscope operated at 20 kV. 
High-angle annular dark-field scanning TEM (HAADF-STEM) and energy dispersive 
spectroscopy (EDS) mapping were performed with a JEOL 2200FS STEM/TEM 
microscope equipped with a CEOS GmbH probe corrector operated at 200 kV. Raman 
spectra were taken using Renishaw InVia micro Raman system (Renishaw, Hoffman 




2.3 Results and Discussion 
2.3.1 Ag@Ag-Au Core-Frame Nanocubes 
We dispersed the Ag nanocubes (Figure 2.1) in an aqueous solution containing H2Asc 
and PVP at in an initial pH of 3.2, followed by the co-titration of AgNO3 and HAuCl4 at a 
specific molar ratio using a dual-channel syringe pump at room temperature. It is worth 
mentioning that we cannot pre-mix these two precursors for single-channel titration 
because of the formation of AgCl precipitate. Also, we employed a slow co-titration rate 
of 20 µL/min to maintain AgNO3 and HAuCl4 at relatively low concentrations in the 
reaction system. As a result, we could avoid the formation of AgCl precipitate and the 
possible self-nucleation for both the Ag and Au atoms derived from the reduction of these 
precursors by H2Asc. During the co-titration process, we collected aliquots of samples from 
the reaction solution at different co-titration volumes and characterized the products by 









2.3.1.1 Co-Reduction of AgNO3 and HAuCl4 by H2Asc 
We hypothesize that the co-reduction of AgNO3 and HAuCl4 by H2Asc could 
generate Ag and Au atoms for their co-deposition onto the Ag nanocubes in a fashion 
similar to the conventional seeded growth. To quantify the co-reduction kinetics, we 
measured the Ag and Au contents in the as-obtained samples and the Ag+ and Au3+ ions 
remaining in the reaction solution after the Ag nanocubes had reacted with different 
volumes for each precursor. Specifically, we collected both solid products and supernatants 
after centrifugation to determine their Ag and Au contents by ICP-MS analysis (Table 2.1). 
We found that the amounts of both Ag (after subtracting the Ag in the original nanocubes) 
and Au in the solid products increased linearly with the volumes of AgNO3 and HAuCl4 
co-titrated into the reaction solution (Figure 2.2, solid lines). The deviations for Ag 
measurements were significantly larger than those for Au because of the difficulty to 
quantify the amount of newly deposited Ag due to the interference from the original Ag 
nanocubes. By assuming that the added precursors were completely reduced to Ag and Au 
atoms and then co-deposited on the Ag nanocubes, we also calculated the amounts of Ag 
and Au that would be added onto the Ag nanocubes at different co-titration volumes 
(Figure 2.2, dotted lines). Within reasonable errors, the added and actually deposited 
amounts of Ag and Au matched well for every sample. Furthermore, our ICP-MS analysis 
confirmed that the Ag and Au contents in the supernatants were below 8.6×10−4 and 2×10−5 
mM, respectively, during the entire co-titration process (Table 2.1). Collectively, our data 
support the argument that the co-titrated AgNO3 and HAuCl4 precursors were completely 
reduced by H2Asc to generate Ag and Au atoms, respectively, followed by their co-
deposition onto the Ag nanocubes.  
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Table 2.1. The Ag and Au contents in the as-obtained Ag@Ag-Au nanocubes and 

















Ag ions in 
supernatant 
(µM) 
Au ions in 
supernatant 
(µM) 
0.2 8.9±2.2 2.9±0.4 5.92 2.748 0.046 0.020 
0.4 11.3±1.4 5.9±0.8 11.84 5.496 0.068 0.013 
0.6 16.9±4.4 9.9±1.4 17.76 8.244 0.086 0.015 





Figure 2.2. The amounts of Ag and Au deposited on Ag nanocubes when different volumes 
of aqueous AgNO3 (0.3 mM) and aqueous HAuCl4 (0.1 mM) were co-titrated into an 
aqueous suspension of Ag nanocubes in the presence of H2Asc. The data points marked as 
“deposited” are the amounts of Ag and Au derived from ICP-MS analysis. The data points 
marked as “added” represent the amounts of Ag and Au calculated by assuming complete 
reduction for the added AgNO3 and HAuCl4, followed by co-deposition of the Ag and Au 
atoms onto the Ag nanocubes. 
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2.3.1.2 Co-deposition of Ag and Au on Ag Nanocubes 
We used electron microscopy to resolve changes to the morphology of Ag 
nanocubes resulting from the co-deposition of Ag and Au. Figure 2.3 shows the TEM (left 
panel) and SEM (right panel) images of the Ag nanocubes after they had reacted with 
different volumes of 0.3 mM aqueous AgNO3 and 0.1 mM aqueous HAuCl4 in the presence 
of H2Asc and PVP. With the addition of 0.2 or 0.4 mL for each precursor, TEM images 
indicated that the average edge length of the Ag nanocubes was increased from 39.2±1.6 
nm to 40.9±2.3 (Figure 2.3A) and 42.8±1.64 nm (Figure 2.3C), respectively. The increase 
in size indicates the co-deposition of Ag and Au atoms onto the Ag nanocubes. The SEM 
images confirmed that the cubic shape of the original particles was well preserved and no 
pits could be identified on each particle (Figure 2.3, B and D), excluding the possible 
involvement of galvanic replacement between the Ag nanocubes and the added HAuCl4. 
With further increase of the titration volume to 0.8 mL or 1.5 mL for each precursor, we 
did not observe any voids or pits from the TEM image of the nanocubes (Figure 2.3, E and 
G). The SEM images show more truncation at the corner sites of nanocubes (Figure 2.3, F 
and H), which could be attributed to the preferential deposition of Ag and Au atoms on the 
edges of the nanocubes. 
To identify the deposition pathway of Ag-Au alloy, we used aqueous 3% H2O2 to 
selectively remove the Ag while leaving the Au intact. Figure 2.4 shows TEM images of 
the resultant nanostructures corresponding to the samples shown in Figure 2.3, A, C, E, 
and G, after etching for 1 h. With the introduction of 0.2 mL of each precursor, we observed 
the formation of Ag-Au nanoframes with thin ridges and some coverage for the {111} 




Figure 2.3. TEM (left panel) and SEM (right panel) images of Ag@Ag-Au nanocubes 
prepared by co-titrating different volumes of aqueous AgNO3 (0.3 mM) and HAuCl4 (0.1 
mM): (A, B) 0.2, (C, D) 0.4, (E, F) 0.8, and (G, H) 1.5 mL for each precursor. The insets 




Figure 2.4. TEM images of Ag@Ag-Au nanocubes after treatment with 3% aqueous H2O2. 
The samples were prepared by co-titrating different volumes of aqueous AgNO3 (0.3 mM) 




were made of Ag and Au with a molar ratio at 2:1, indicating that the 3% H2O2 solution 
could not remove all the Ag in the deposited Ag-Au alloy. At 0.4 mL for each precursor, 
we noticed the formation of Ag-Au nanoframes with thicker ridges as well as flat planes at 
the corner sites, together with some deposition of Ag and Au on the side faces (Figure 
2.4B). With a continuous increase in titration volume to 0.8 and then 1.5 mL for each 
precursor, we noticed that more Ag-Au showed up on the side faces of each nanocube, 
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leading to the formation of nanocages with decreasing porosity on the side faces (Figure 
2.4, C and D).  
Based on the results shown in Figures 2.2-2.4, we proposed a plausible mechanism 
that can account for the co-reduction and co-deposition of Ag and Au on Ag nanocubes 
(Figure 2.5). There are three competing reactions involved in the co-titration process: i) 
the galvanic replacement between Ag nanocubes and HAuCl4, ii) the reduction of HAuCl4 
by H2Asc, and iii) the reduction of AgNO3 by H2Asc. It is critical to co-titrate AgNO3 and 
HAuCl4 at a proper molar ratio in order to provide an adequate amount of Ag+ ions in the 
reaction solution to effectively push the galvanic replacement reaction backward and 
ultimately block it. Also, it is essential to introduce the AgNO3 precursor dropwise to keep 
the local concentration of Ag+ ions at a sufficiently low level and thus eliminate the 
possible formation of AgCl precipitate due to the release of Cl− ions from HAuCl4. When 
the molar ratio of AgNO3 to HAuCl4 was increased to 3:1 and higher, we could achieve 
the condition of Rred > Rgal, and as a result, the added HAuCl4 was immediately reduced 
by H2Asc before it could participate in the galvanic reaction with the Ag nanocubes. 
Combined together, the co-reduction of AgNO3 and HAuCl4 by H2Asc could generate Ag 
and Au atoms for their co-deposition onto the Ag nanocubes in a fashion similar to the 
conventional seeded growth. According to the standard reduction potentials of Ag+/Ag 
(0.79 V) and AuCl4−/Au (0.99 V) at room temperature,39 we anticipate that AuCl4− should 
be reduced firstly by H2Asc to generate Au atoms for their deposition onto the Ag 
nanocubes. In the following step, Ag+ ions will go through underpotential deposition onto 
the Au atoms to generate a Au-Ag alloy.40 In a sense, we believe that the Au and Ag atoms 




Figure 2.5. (top) A list of three competing reactions involved in the co-titration process. 
(bottom) Illustration of the transformation of a Ag nanocube into three types of Ag@Ag-
Au nanocubes by increasing the volumes of the two co-titrated precursors, followed by 




structure, the specific surface free energies of its low-index facets should increase in the 
order of γ111 < γ100 < γ110. At the early stage of co-deposition, the Ag and Au atoms should 
preferentially nucleate on the {110} facets with the highest energy, and as such, these 
atoms would be largely deposited on the edges of the Ag nanocube. As the volumes of the 
two precursors are increased, more atoms will be generated for their continuous deposition 
onto the {110} facets, followed by their successive migration via surface diffusion to the 
{111} facets (corners) and {100} facets (side faces) of the Ag nanocube, respectively,43 
leading to the formation of core-frame and finally core-shell nanocubes.  
 
2.3.1.3 Plasmonic Properties of Ag@Ag-Au Core-Frame Nanocubes 
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It is well-known that Au and Ag nanocrystals have distinctive LSPR properties that 
are strongly dependent on parameters that include size, shape, morphology, and internal 
structure (solid versus hollow).44 When these two metals are alloyed together, the LSPR 
properties should be sensitive to the elemental composition. Figure 2.6A shows UV-vis 
spectra of an aqueous suspension of the Ag nanocubes before and after they had reacted 
with different volumes of co-titrated 0.3 mM AgNO3 and 0.1 mM HAuCl4 in the presence 
of H2Asc and PVP. Because we corrected the dilution factor caused by the titration of 
different volumes of the precursor solutions, the change in peak intensity could be directly 
correlated to the variation in extinction coefficient associated with the resultant products. 
With a co-titration volume of 0.05 and 0.1 mL (for each precursor), the major LSPR peak 
of the Ag nanocubes was red-shifted from 437 to 446 and 452 nm, respectively, together 
with a major drop in intensity and some broadening in width. According to previous studies, 
these changes to the LSPR features could be attributed to the deposition of Au and the 
scattering of light by the interface between Ag and Au, respectively.45 With further increase 
of co-titration volume to 0.2, 0.4 and 0.8 mL, the major LSPR peak was red-shifted to 458, 
469 and 475 nm, respectively, with slight increases for both intensity and width. The red-
shift in peak position can be ascribed to the increase in edge length for the nanocubes. 
Because Ag has a stronger plasmon resonance than that of Au,46 the increase in peak 
intensity for the samples obtained with co-titration volume increasing from 0.2 to 0.8 mL 
can be attributed to the deposition of a significantly larger amount of Ag than Au during 
the co-titration process. When the titration volume was further increased from 0.8 to 1.5 
mL, however, the major LSPR peak was slightly blue-shift from 475 to 473 nm, together 
with an increase in intensity, suggesting the formation of nanocubes with significantly 
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truncated corners as the deposition progressed. The information derived from the UV-vis 
spectra is consistent with the observations by SEM and TEM imaging (see Figure 2.3, E-
H). The spectra confirmed that the involvement of Au could be manipulated to tailor the 
LSPR properties of Ag nanocubes through the co-deposition of Ag and Au atoms at a well-





Figure 2.6. UV-vis spectra taken from an aqueous suspension of Ag nanocubes before and 
after they were titrated with different volumes (indicated on the curves) of (A) 0.3 mM 
AgNO3 and 0.1 mM HAuCl4, (B) 0.3 mM AgNO3, (C) 0.1 mM AgNO3 and 0.1 mM 




To further elucidate the role of Au in manipulating the LSPR properties of Ag 
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nanocubes, we performed a control experiment in which we titrated different volumes of 
0.3 mM AgNO3 in the absence of HAuCl4 while leaving the other experimental parameters 
unchanged. Figure 2.6B shows the UV-vis spectra of an aqueous suspension of the Ag 
nanocubes before and after they had reacted with different volumes of AgNO3 in the 
presence of H2Asc. Different from those shown in Figure 2.6A, we found that the LSPR 
peak of Ag nanocubes was red-shifted from 437 to 448 nm at 0.2 mL and then slightly 
blue-shifted from 448 to 443 nm as the titration volume was increased up to 1.5 mL. The 
red and blue shifts could be ascribed to the increase in dimension and corner truncation, 
respectively, during the deposition of Ag atoms. 
We also monitored the changes to the LSPR of the Ag nanocubes when the molar 
ratio of the two precursors was below the threshold of 3 needed for the galvanic-free co-
deposition. At a molar ratio of 1, as shown in Figure 2.6C, we found that the LSPR peak 
of the Ag nanocubes was continuously shifted to the red, together with a decrease in 
intensity. At a co-titration volume of 0.4 mL, the LSPR peak was changed from 437 to 469 
nm and there was more broadening in peak width, indicating the involvement of galvanic 
replacement reaction. At 1.5 mL, the LSPR peak was further shifted to 493 nm with 
considerably broadening in peak width. When the molar ratio was set to 2, Figure 2.6D 
indicates that the LSPR peak of the Ag nanocubes was constantly shifted to the red, 
together with peak broadening and increase in peak intensity at 0.8 and 1.5 mL, 
respectively. These results suggest that, when an inadequate amount of AgNO3 was 
involved in the co-titration process to inhibit galvanic replacement reaction, the Ag 
nanocubes were transformed into hollow nanostructures made of an Au-Ag alloy, 
consistent with our previous study.37 Figure 2.7 shows TEM images of three products that 
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were prepared by co-titrating aqueous AgNO3 and HAuCl4 when AgNO3 was in 






Figure 2.7. TEM images of Ag-Au hollow nanocubes prepared by co-titrating aqueous 
AgNO3 (0.1 mM) and HAuCl4 (0.1 mM) at (A) 0.4 mL and (B) 1.5 mL for each precursor. 
(C) TEM image of Ag-Au hollow nanocubes prepared by co-titrating aqueous AgNO3 (0.2 
mM) and HAuCl4 (0.1 mM) at 0.8 mL for each precursor. 
 
 
To evaluate the role of Au atoms in affecting the SERS activity of Ag nanocubes, we 
collected the SERS spectra of 1,4-BDT molecules adsorbed on the surfaces of the Ag 
nanocubes and Ag@Ag-Au nanocubes obtained by co-titrating 0.4 mL of 0.3 mM AgNO3 
and 0.1 mM HAuCl4. In this case, the Ag and Au atoms were co-deposited at corners and 
edges of Ag nanocubes with a Ag to Au molar ratio of 3:1 (see Figure 2.3, C and D). It is 
also worth noting that the corners and edges are often referred as to the sites where the 
electromagnetic field was greatly enhanced upon laser excitation. As a result, the 
deposition of Ag-Au alloy would make an impact on the SERS activity of the Ag 
nanocubes. Interestingly, we observed distinctive SERS properties for the Ag@Ag-Au 
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nanocubes when excited at visible and near-infrared wavelengths. At 532 nm laser  
 
 
Figure 2.8. SERS spectra taken from 1,4-BDT adsorbed on the Ag and Ag@Ag-Au core-
frame nanocubes, respectively, at excitation wavelengths of (A) 532 nm and (B) 785 nm, 
respectively. The Ag@Ag-Au nanocubes were prepared by co-titrating 0.4 mL of AgNO3 
(0.3 mM) and 0.4 mL of HAuCl4 (0.1 mM) into an aqueous suspension of Ag nanocubes 
in the presence of H2Asc. (C) Time-dependent UV-vis absorption spectra recorded at 
different time points for the reduction of 4-NP by NaBH4 at room temperature in the 
presence of Ag-Au nanoframes as a catalyst. (D) Plot of ln[A0/At] versus time for the peak 
at 400 nm. The catalyst was prepared by co-titrating 0.2 mL of AgNO3 (0.3 mM) and 0.2 
mL of HAuCl4 (0.1 mM) into an aqueous suspension of Ag nanocubes in the presence of 




excitation, we found that the SERS peak at 1562 cm−1 (the benzene ring mode 8a) 
decreased in intensity upon the co-deposition of Ag and Au atoms at 3:1 atomic ratio 
(Figure 2.8A). This result suggests that even the inclusion of a small amount of Au atoms 
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onto the surfaces of Ag nanocubes would lead to strong plasmon damping at visible 
excitation wavelength due to the inter-band transition of Au at 2.5 eV (~500 nm),47 leading 
to an attenuation in the SERS intensity. By switching the laser excitation to 785 nm, we 
noticed that the intensity of the same SERS peak at 1562 cm−1 was increased by ~3 times 
(Figure 2.8B), suggesting that the involvement of Au atoms on the surfaces of Ag 
nanocubes could enhance their SERS activity in the near-infrared region. Such 
enhancement could be attributed to the deposition of Au atoms onto the Ag nanocubes. 
Because the Au-S bond is stronger than that of the Ag-S bond, there should be more 
significant charge transfer between a Au surface and the adsorbed probe molecules, 
resulting in stronger chemical enhancement. This observation is consistent with our 
previous findings.48 Collectively, our results suggest that co-deposition of Ag and Au 
atoms onto the surfaces of Ag nanocubes would extend the SERS activity of Ag nanocubes 




2.3.1.4 Catalytic Properties of Ag-Au Nanoframes 
In addition to the unique LSPR and SERS properties for the Ag@Ag-Au core-frame 
nanocubes, we also investigated the catalytic properties of nanoframes made of Ag-Au 
alloy upon the removal of Ag templates. It is anticipated that nanoframes should embrace 
significantly improved catalytic activity because of enormous specific surface areas when 
compared to their solid counterparts.49–51 Specifically, we prepared the sample with a co-
titration volume of 0.2 mL for each precursor, and as a result, the Ag and Au atoms with a 
Ag to Au molar ratio of 3:1 were deposited on the edges of Ag nanocubes (see Figure 2.3, 
A and B). Upon etching of the core-frame nanocubes in an aqueous 3% H2O2 for 1 h, we 
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obtained Ag-Au nanoframes with thin ridges and opening on the {111} facets (see Figure 
2.4A). Our ICP-MS analysis indicates that the nanoframes are made of Ag and Au with a 
Ag to Au molar ratio of 2:1. This data suggest that 3% H2O2 could remove Ag from the 
cores (pure Ag), as well as some of the Ag atoms in the newly deposited Ag-Au alloy. We 
used these Ag-enriched Ag-Au nanoframes as a catalyst for the reduction of 4-NP to 4-AP 
by NaBH4.52 Upon the introduction of 1.42 × 1011 nanoframes, we collected a series of 
UV-vis spectra as a function of time (Figure 2.8C). By monitoring the decay of the 
absorption peak at 400 nm, we plotted ln[A0/At] as a function of time and obtained a 
straight line (Figure 2.8D). Our result indicates that the reaction followed the first-order 
kinetics, with a rate constant of 0.123 min−1. Although the rate constant of the Ag-Au 
nanoframes was one order of magnitude smaller than the value reported for Au 
nanocages,53 they are attractive for the development of cost-effective catalysts through the 
inclusion of a large amount of Ag.  
 
2.3.2 Ag@Ag-Pd Core-Frame Nanocubes 
 Among noble metals, it is well-known that Ag and Au nanocrystals embrace strong 
LSPR peaks in the visible region for SERS applications.54,55 However, Ag and Au 
nanocrystals could catalyze a limited number of chemical reactions.56 In comparison, Pd 
and Pt nanocrystals are excellent catalysts that can catalyze a larger number of chemical 
reactions,57-60 but both of them exhibit extremely poor SERS activity due to the very weak 
coupling between their free electrons and the visible light.61 For instance, the SERS EF of 
40-nm Pd nanocubes are only 103-104, which are 104 folds weaker than that of Ag 
nanocubes with a similar size.62 One strategy to integrate the SERS and catalytic properties 
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on a single nanocrystal is to directly deposit Pd or Pt on the surfaces of Au or Ag 
nanocrystals for the formation of bimetallic nanocrystals with dual functionality. 
2.3.2.1 Co-Deposition of Ag and Pd on Ag Nanocubes 
 In a typical synthesis, we co-titrated different volumes of 0.2 mM Na2PdCl4 and 0.1 
mM AgNO3 into the suspension of Ag nanocubes in the presence of H2Asc and PVP.63 
Figure 2.9, A-C, shows TEM images of the Ag@Ag-Pd nanocubes obtained by adding 0.1, 
0.2, and 0.3 mL of each precursor. The resultant nanocubes remained a cubic shape without 
pits or holes, suggesting that the galvanic replacement reaction was completely inhibited. 
The sharpened corners and edges of the nanocubes suggest the preferential deposition of 
Pd and Ag atoms on the edges of the nanocubes. We then used ICP-MS to confirm and  
 
 
Table 2.2. The Pd and Ag contents in the as-prepared Ag@Ag-Pd nanocubes collected 
from each synthesis using ICP-MS analysis. 
Volumes of the two 
precursors (mL) 
Mass of Pd 
(µg) 




0.1, 0.1 1.11 49.1 2.21±0.22 
0.2, 0.2 2.08 55.1 3.63±0.26 
0.3, 0.3 2.83 58.4 4.63±0.30 
0.5, 0.5 4.66 59.5 7.27±0.19 
aThe Pd weight percentage (wt%) was calculated from the mass ratio of Pd to Ag plus Pd 




quantify the content of Pd in the resultant nanocubes. The Pd content increased from 2.2 to 
4.6% as the titration volume increased from 0.1 to 0.3 mL (Table 2.2). We further collected 




Figure 2.9. (A-C) TEM images of Ag@Ag-Pd nanocubes prepared by co-titrating aqueous 
Na2PdCl4 (0.2 mM) and AgNO3 (0.1 mM), at 0.1, 0.2, and 0.3 mL for each precursor, into 
an aqueous suspension of Ag nanocubes in the presence of H2Asc and PVP. (D) 
HAADF−STEM image, and (E, F) EDS mapping of Ag (blue) and Pd (red) of one 
individual Ag@Ag-Pd nanocube shown in B. (G-I) TEM images of the resultant structures 





energy dispersive X-ray spectroscopy (EDS) mapping images (Figure 2.9, D-F) from the 
nanocube to confirm that the Pd was mainly deposited on the edges and corners at a titration 
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volume of 0.2 mL.  To resolve the distribution of Pd atoms on the surface of Ag nanocubes, 
we treated the as-obtained Ag@Ag-Pd nanocubes shown in Figure 2.9, A-C, with 3% H2O2 
to remove the Ag core. Figure 2.9, G-I, shows the resultant nanostructures after etching for 
1 h. At 0.1 mL, we observed the transformation of solids into nanoframes with thin ridges 
and little coverage for the {111} facets at the corners (Figure 2.9G). As the volume was 
increased to 0.2 and 0.3 mL, nanoframes with thicker ridges (Figure 2.9H) and nanocages 
(Figure 2.9I) were produced, respectively. Taken together, we believe that the Pd and Ag 
atoms would preferentially nucleate on the high-energy {110} facets and thereby these 
atoms would be largely confined to the edges of Ag nanocubes, consistent with previous  
findings in the synthesis of Ag@Ag-Au core-frame nanocubes in Session 2.3.1 (see Figure 
2.4, A and B). As the volumes of Pd and Ag precursors were increased to 0.2 and 0.3 mL, 
respectively, more atoms were generated for their deposition onto the {110} facets, making 
the ridges thicker. Our results suggest that some atoms could sequentially migrate to the 
{111} facets (corners) and then {100} facets (side faces) of the Ag nanocubes by surface 
diffusion. Because it is difficult to resolve the deposition sites for the newly formed Ag 
atoms, we assumed that Pd and Ag atoms were deposited concomitantly. 
 
2.3.2.2 Ag@Ag-Pd Core-Frame Nanocubes for Probing Catalytic Reactions by SERS 
 By simply decorating the surface of Ag nanocubes with Pd, we demonstrated that the 
Ag@Ag-Pd core-frame nanocubes could serve as a unique SERS probe for probing the Pd-
catalyzed reduction of 4-NTP by NaBH4 to produce 4-ATP and the subsequent Ag-




Figure 2.10. (A) Time-dependent SERS spectra for monitoring the reduction of 4-NTP by 
NaBH4 on Ag@Ag-Pd nanocubes with 2.2 wt.% Pd. (B) Schematic illustration showing 
the stepwise reactions involving the Pd-catalyzed reduction of 4-NTP by NaBH4 and Ag-




from air.64 Figure 2.10A shows the time-dependent SERS spectra collected from the 4-
NTP absorbed on the Ag@Ag-Pd core-frame nanocubes containing 2.2 wt.% of Pd. At t = 
0 min, we observed three characteristic bands of 4-NTP at 1108 cm−1 (νCN), 1336 cm−1 
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(νNO2), and 1572 cm−1 (νCC).65 Upon the introduction of NaBH4, the νNO2 band was slightly 
shifted from 1336 to 1330 cm−1 at t = 2 min, while other bands remained essentially the 
same. At t = 6 min, a shoulder peak appeared at 1595 cm−1, which can be assigned to the 
νCC of 4-ATP.66 As the reaction further progressed to 20 min, the νCC band of 4-ATP 
increased in intensity while both νNO2 and νCN bands decreased in intensity. At t = 30 min, 
both the νCN and νNO2 bands of 4-NTP were no longer observable. By 40 min, all the three 
bands of 4-NTP disappeared and the remaining peaks can be assigned to the νCS, βC−H, and 
νCC of 4-ATP, respectively, indicating the complete transformation from 4-NTP to 4-ATP. 
In the next 20 min, the three peaks of 4-ATP remained the same in position while their 
intensities were increased. At t = 70 min, we observed three new peaks at 1142 cm−1, 1388 
cm−1, and 1429 cm−1, which can be assigned to the βCH+νCN, νNN+νCN, and νNN+βCH of 
trans-DMAB, respectively.67 These bands remained unaltered up to 90 min, except for 
slight increase in intensity. The SERS data suggests that the 4-ATP adsorbed on the surface 
of the core-frame nanocubes could be oxidized by the O2 from air to generate trans-DMAB.  
Based on the SERS data, Figure 2.10B outlines the proposed mechanism. In the first 
step, the 4-NTP molecules preferentially adsorb with a configuration parallel to the Ag 
surface through the Ag-S linkage. The formation of trans-DMAB rather than cis-DMAB 
supports our argument about the orientation of molecules on the surface. When NaBH4 is 
introduced, it will decompose to produce H2, followed by their adsorption and dissociation 
on the Pd surface to generate H atoms.68 The atomic hydrogen can rapidly reduce 4-NTP 
to 4-ATP. In the second step, the 4-ATP molecules remain on the surface of the catalyst 
under ambient conditions while the NaBH4 remaining in the solution is completely 
decomposed. In the final step, the Ag surface activates the O2 from air,69 triggering Ag-
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catalyzed oxidation and enabling the transformation from 4-ATP to trans-DMAB. 
 
2.3.2.3 The Catalytic Properties of Ag-Pd Nanoframes  
We demonstrated the synthesis of cubic Ag-Pd nanoframes by co-titrating different 
volumes of 0.1 mM Na2PdCl4 and 0.1 mM AgNO3 to the aqueous suspension of Ag 
nanocubes containing H2Asc and PVP, followed by selectively removing the Ag template 
in the core with a wet etchant such as aqueous H2O2. Figure 2.11A shows the TEM image 
of the resultant Ag@Ag-Pd nanocubes with titration volume of 0.4 mL for each precursor. 
We noticed that the cubic shape was indeed well-preserved and the edge length of the 
nanocubes was slightly increased from 39.2±1.6 to 41.2±2.1 nm. The increase in size 
indicates the co-deposition of Ag and Pd layers onto the Ag template, with a projected 
thickness about 1.2 nm.  After etching the product with aqueous 2.3% H2O2 for 1 h, we 
obtained nanoframes with thin ridges and small openings situated on the {111} facets at 
the corners sites, as indicated by the TEM image in Figure 2.11B. By measuring 100 
nanoframes from the TEM images, we obtained a thickness of 1.7±0.2 for the ridges, 
comparable to the value of 1.2 nm that was deduced from the change in edge length due to 
Ag/Pd deposition. Using ICP-MS, we confirmed that the nanoframes were made of Ag and 
Pd with an atomic ratio of Ag/Pd=4.2±0.3. This result suggests the formation of Ag-
enriched Ag-Pd bimetallic nanoframes because H2O2 could not remove Ag from the 
deposited Ag-Pd alloy. 
When the co-titration volume was increased to 0.8 mL for each precursor, Figure 
2.11C shows the TEM image of the resultant Ag@Ag-Pd core-frame nanocubes. In this 




Figure 2.11. (A, C) TEM images of the two samples of Ag@Ag-Pd core-frame nanocubes 
prepared by co-titrating the Ag nanocubes with 0.4 and 0.8 mL, respectively, of AgNO3 
(0.1 mM) and Nd2PdCl4 (0.1 mM) solutions. (B, D) TEM images of the Ag-Pd nanoframes 
obtained by selectively removing the Ag templates in the Ag@Ag-Pd core-frame 
nanocubes with 2.3% aqueous H2O2. 
 
 
increased to 42.9±1.9 nm. After etching with aqueous 2.3% H2O2 for 1 h, the nanocubes 
were transformed into nanoframes with thicker ridges and complete coverage at the corners, 
as indicated in Figure 2.11D. We believe that Pd and Ag atoms derived from the co-
reduction by H2Asc were initially deposited on the edges, but they could migrate to the 
corner sites for the generation of nanoframes with atoms at both edge and corner sites. Our 
ICP-MS analysis indicated that the atomic ratio of Ag and Pd atoms for the nanoframes 
was reduced to 2.6±0.3. This data suggests that the conversion yield of Ag precursor was 
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higher than that of Pd precursor in this synthesis. Collectively, our results demonstrated 
the feasibility to produce Ag-enriched Ag-Pd nanoframes with a good control over both 





Figure 2.12. TEM images of the Ag-Pd nanoframes obtained by selectively removing the 
Ag cores (with 2.3% aqueous H2O2) from the Ag@Ag-Pd core-frame nanocubes prepared 
with (A) 0.4 mL of 0.2 mM AgNO3 and 0.4 mL of 0.1 mM Na2PdCl4, (B) 0.1 mL of 0.1 




To further understand the role of co-titration in controlling the co-deposition of Ag 
and Pd atoms onto Ag template for the generation of bimetallic nanoframes, we also 
performed a set of experiments with different molar ratios between AgNO3 and Na2PdCl4, 
[AgNO3]/[Na2PdCl4], while keeping all the other experimental parameters unaltered. 
Firstly, we increased the concentration of AgNO3 from 0.1 to 0.2 mM while maintaining 
Na2PdCl4 at 0.1 mM to give [AgNO3]/[Na2PdCl4] = 2. Figure 2.12A shows a TEM image 
of the nanoframes obtained at a co-titration volume of 0.4 mL for each precursor. In this 
case, with an increase in the amount of Ag precursor, we only obtained broken nanoframes. 
In this case, more Ag atoms derived from AA reduction were incorporated into the frames 
and the higher content of Ag in the Ag-Pd alloy would make the frames vulnerable to H2O2 
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etching, leading to broken nanoframes. In contrast, when we used 0.1 mM AgNO3 and 0.2 
mM Na2PdCl4 to attain a ratio of 0.5 for [AgNO3]/[Na2PdCl4], we observed the formation 
of nanoframes with uniform thickness at a co-titration volume of 0.1 mL for each precursor 
(Figure 2.12B). In this case, more Pd atoms were deposited onto the Ag nanocubes, leading 
to the formation of Ag-Pd alloys enriched in Pd than the sample shown in Figure 2.11B. 
The etching process could still successfully remove the Ag template without damaging the 
frame structure. To further validate the role of AgNO3, we performed a control experiment 
by titrating Na2PdCl4 only into an aqueous suspension of Ag nanocubes in the presence of 
H2Asc and PVP. As shown in Figure 2.12C, only broken nanoframes were obtained as the 
final product due to the limited amount of Pd deposited at the edge and corner sites. Taken 
together, these results suggest that the Ag atoms derived from the reduction of AgNO3 
would facilitate the co-deposition of Ag and Pd atoms for the formation of Ag-Pd alloy 
frames on the edge and corner sites of a nanocube, and ultimately protect the frame 
structure from breaking during H2O2 etching. Both the ratios and distributions of Ag and 
Pd atoms in the Ag-Pd alloy would ultimately determine the success in the formation Ag-
Pd nanoframes with an unbroken structure and uniform ridge thickness.  
Relative to their solid counterparts, the Ag-Pd bimetallic nanoframes with a highly 
open structure also showed greatly enhanced catalytic activity toward the reduction of 4-
NP to 4-AP by NaBH4. In a typical test, we prepared catalysts with a co-titration volume 
of 0.4 mL for each precursor for the production of bimetallic nanoframes with Ag and Pd 




Figure 2.13. (A) UV-vis spectra taken from a 4-NP solution at different time intervals after 
the introduction of the Ag-Pd bimetallic nanoframes shown in Figure 2.11B. The spectra 
were obtained by subtracting the absorbance of the Ag-Pd nanoframes from the as-
collected spectra. (B) Comparison of 4-NP reduction as a function of time for three 
different types of catalysts: Ag nanocubes (triangles), Ag@Ag-Pd core-frame nanocubes 




(determined by ICP-MS), we collected a series of UV-vis spectra (Figure 2.13A) to monitor 
the decay of the absorption peak of 4-NP at 400 nm as a function of time. We also collected 
UV-vis spectra from 4-NP solutions as a function of time when the reduction was catalyzed 
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by Ag@Ag-Pd core-frame nanocubes and Ag nanocubes, respectively. The number of 
catalytic particles was kept the same for these three different systems. To benchmark the 





Figure 2.14. TEM images of the Ag-Pd nanoframes shown in Figure 2.11C after (A) 





at the peak position of 4-NP (400 nm) as a function of time for these three systems. It was 
found that the reduction catalyzed by the Ag-enriched Ag-Pd nanoframes under ambient 
conditions would give a conversion yield of 98% over 12 min while the yields were only 
31% and 10% when Ag@Ag-Pd nanocubes and Ag nanocubes were used as the catalysts, 
respectively. The higher catalytic activity of the Ag-Pd nanoframes might be related to 
their unique frame structure and thus high surface area. Additionally, as indicated in Figure 
2.14, the cubic nanoframes made of Pd-Ag alloy were mechanically stable and the frame 
structure was well preserved after they had been centrifuged at 55,000 rpm for 30 min or 
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had gone through the catalytic reaction. We believe that this new class of hollow and porous 
alloyed nanostructures hold a great promise for catalytic applications owing to their high 




We have demonstrated the co-deposition of Ag and Au atoms onto Ag nanocubes 
for the generation of Ag@Ag-Au nanocubes through the co-titration of AgNO3 and 
HAuCl4 in the presence of H2Asc. The co-titration process could be used to effectively 
block the galvanic replacement reaction between Ag nanocubes and HAuCl4 when the 
added AgNO3 was in a sufficiently high proportion to push this reaction backward. Under 
this condition, the two precursors could be completely reduced by H2Asc for the generation 
of Ag and Au atoms, followed by their co-deposition onto the Ag nanocubes in a fashion 
similar to the conventional seeded growth. Initially, the Ag and Au atoms are deposited on 
the edges and corners of the Ag nanocubes to generate Ag@Ag-Au core-frame nanocubes. 
As the co-titration volume is increased, more Ag and Au atoms are co-deposited at the edge 
and corner sites and then allowed to migrate to the side faces through surface diffusion. 
We can tailor the LSPR properties of the Ag nanocubes during their transformation into 
Ag@Ag-Au nanocubes in the visible region. The co-deposition of Ag and Au atoms on the 
surfaces of Ag nanocubes could be used to enhance the SERS activity of Ag nanocubes at 
an excitation wavelength of 785 nm. Upon the removal of Ag templates from the Ag@Ag-
Au nanocubes by H2O2 etching, the as-obtained Ag-enriched Ag-Au nanoframes exhibit 
catalytic activity toward the reduction of 4-NP by NaBH4. 
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We have further extended the co-titration methodology to produce Ag@Ag-Pd 
core-frame nanocubes by the co-titration of AgNO3 and Na2PdCl4 in the presence of H2Asc 
and PVP. We identify that the elemental composition of the resultant Ag@Ag-Pd 
nanocubes can be finely tuned by simply varying the titration volume of the precursors. 
We have demonstrated the use of Ag@Ag-Pd nanocubes as a dual catalyst and a unique 
SERS probe for catalyzing and probing stepwise reduction of 4-NTP to 4-ATP by NaBH4 
and the subsequent oxidation of 4-ATP to trans-DMAB by O2 from the air under an 
ambient condition. Upon selective etching of the Ag core from the Ag@Ag-Pd core-shell 
nanocubes, the derivative Ag-Pd nanoframes shows high catalytic activities and great 
mechanical stability despite having ultrathin ridges and open structures.   
 
2.5 Notes to Chapter 2 
Part of this chapter is adapted from the paper “Co-titration of AgNO3 and HAuCl4: 
A new route to the synthesis of Ag@Ag-Au core-frame nanocubes with enhanced 
plasmonic and catalytic properties” published in Journal of Materials Chemistry C,73 “A 
Dual Catalyst with SERS Activity for Probing Stepwise Reduction and Oxidation 
Reactions” published in ChemNanoMat,74 “Ag-enriched Ag-Pd bimetallic nanoframes and 
their catalytic properties” published in ChemNanoMat,75 and “Enriching Silver 
Nanocrystals with a Second Noble Metal” published in Accounts of Chemical Research.76  
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CHAPTER 3. ON THE MECHANISTIC ROLES OF HYDROXIDE IN 






Despite the large number of demonstrations of Ag nanocrystals for a variety of 
applications, including those related to localized surface plasmon resonance (LSPR),1-3 
surface-enhanced Raman scattering (SERS),4–7 colorimetric sensing,8,9 and catalysis,10,11 
the ultimate performance of Ag nanocrystals is often compromised by their shape 
instability under an oxidative environment. In the case of Ag nanocubes, for example, the 
atoms located at corners and edges could be readily oxidized to Ag+ ions, resulting in the 
transformation of shape and thus the deterioration of SERS activity.12 On the other hand, 
while Ag has remarkable catalytic properties for oxidation reactions such as ethylene 
epoxidation,11,13 its capability toward reduction reactions tends to be compromised when 
compared with other noble metals such as Pd and Pt.  
One strategy to expand the application landscape of Ag nanocrystals is to introduce 
another noble metal (M) such as Au, Pd, or Pt to generate diversified and yet well-defined 
Ag-M bimetallic nanocrystals. For example, conformally coating the surface of Ag 
nanocubes with ultrathin shells made of Au could greatly improve their chemical stability 
under a corrosive environment.14,15 Selective deposition of Pd atoms on the edges of Ag 
nanocubes has been demonstrated for the fabrication of Ag@Ag-Pd core-frame nanocubes 
that exhibit a combination of catalytic activities toward both oxidation and reduction 
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reactions (see examples in Chapter 2).16-18 In particular, the presence of Ag in the cores of 
these nanostructures has led to the development of bifunctional probes capable of reporting 
the catalytic reactions in situ by SERS. In developing these advanced bimetallic 
nanocrystals, it is critical to be able to defeat the galvanic replacement reaction between 
the Ag nanocrystals and a precursor to M atoms.14,19 Also, it is pivotal to control the sites 
at which the newly formed M atoms will be deposited.  
Seed-mediated growth offers a powerful route to the aforementioned bimetallic 
nanocrystals. In a typical synthesis, Ag nanocrystals (the seeds) are dispersed in an aqueous 
solution containing ascorbic acid (H2Asc, a forerunner of the reducing agent), and 
poly(vinylpyrrolidone) (PVP, a colloidal stabilizer), followed by the titration of a precursor 
solution. However, the capability of this approach is limited by galvanic replacement when 
the metal M is less reactive than Ag. The involvement of galvanic replacement will make 
it difficult to control the outcome of seeded growth and even cause degradation to the 
properties associated with the nanocrystals. To suppress the galvanic replacement, for 
example, between Au(III) and Ag, we demonstrated that it was essential to increase the pH 
of the reaction solution to a level above 11.2 by introducing sodium hydroxide (NaOH).14 
Our hypothesis was that the Au(III) precursor would be reduced by ascorbic acid 
exclusively before they could undertake galvanic replacement with Ag, leading to the 
generation of Au atoms for their conformal deposition on the Ag nanocrystals.14 Despite 
the successful synthesis of Ag@Au core-shell nanocubes with a shell thickness controlled 
at three or six atomic layers, we were unable to pin down the mechanistic roles played by 
the NaOH added into the reaction system.  
From the perspective of chemical reactions, the OH− ions can serve a number of 
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Figure 3.1. Structures of major chemical species associated with ascorbic acid dissolved 
in an aqueous solution (this figure is adapted with permission from ELSEVIER Biochimica 




weak diprotic acid with dissociation constants of pKa1=4.2 and pKa2=11.6, respectively, at 
25 oC.20 According to literature, it is the ascorbate monoanion (HAsc−), rather than the 
parental acid (H2Asc), that can donate electrons and thus act as a reducing agent (Figure 
3.1).20 The dissociation equilibrium of H2Asc into HAsc− and H+ can be pushed to the right 
side as more OH− is introduced, leading to a higher concentration for HAsc−, the actual 
reducing agent. The increasingly accelerated reduction of the Au(III) precursor by HAsc− 
can eventually suppress the galvanic replacement reaction with the Ag nanocrystals. 
Secondly, it is well-established that AuCl4− can progressively evolve into a series of 
complexes, including AuCl3(OH)−, AuCl2(OH)2− AuCl(OH)3−, and Au(OH)4−, through 
ligand exchange with OH−.21 In this case, the reduction potential of the Au(III) precursor 
will decrease when moving from AuCl4− to Au(OH)4−, slowing down the reduction by both 
the HAsc− and the galvanic reaction.22 The last but not least, the presence of Ag+ ions (e.g., 
released from the possible galvanic reaction) and OH− in the same reaction solution can 
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result in the formation of Ag2O, an oxide insoluble in an alkaline solution but soluble in an 
acidic solution.23 When deposited on the Ag nanocrystals, the Ag2O patches can mediate 
the dissolution behavior of Ag, as well as the deposition pattern of Au.  
Herein we report a systematic study aiming to elucidate the explicit roles played by 
OH− in controlling the pathways responsible for the transformation of Ag nanocubes into 
diversified Ag-Au bimetallic nanostructures. In a typical process, we dispersed Ag 
nanocubes in an aqueous solution containing H2Asc, NaOH, and PVP, followed by the 
titration of aqueous HAuCl4 using a syringe pump at room temperature. By introducing 
different amounts of NaOH prior to the titration of HAuCl4, we could easily adjust the 
initial pH of the reaction solution from 3.2 to 11.9. After a set of survey experiments, we 
specifically focused on two conditions with the initial pH adjusted to 11.9 and 4.8, 
respectively. At an initial pH of 11.9, the reaction solution could be maintained alkaline 
(pH=11.9–10.0) during the titration of aqueous 0.1 mM HAuCl4 up to 0.8 mL. In this case, 
the H2Asc was neutralized by NaOH to generate HAsc− while the added HAuCl4 was also 
quickly neutralized by OH− to yield AuCl4−. For the first few drops of precursor solution, 
the AuCl4− could still be reduced by Ag nanocubes through the galvanic replacement 
reaction before it underwent ligand exchange with OH−. In this case, the Ag atoms were 
oxidized and dissolved from the corners while the resultant Au atoms were deposited on 
the edges of the Ag nanocubes. The released Ag+ ions immediately reacted with the 
surrounding OH− for the formation of Ag2O patches at the corners, blocking the underlying 
Ag from further dissolution. Meanwhile, AuCl(OH)3− and Au(OH)4−, both with lower 
reduction potentials than that of AuCl4−, were formed through ligand exchange with OH–. 
These Au(III) species were quickly reduced by HAsc− for the production of Au atoms, 
81 
 
followed by their sequential deposition on the edges and side faces, leading to the 
generation of Ag@Au core-frame and then core-shell nanocubes. At an initial pH of 4.8, 
the reaction solution could be maintained acidic (pH=4.8–4.6) during the titration of 
aqueous 0.1 mM HAuCl4 up to 0.8 mL. In this case, only some of the added H2Asc was 
neutralized by NaOH to yield HAsc−, slowing down the reduction kinetics. The added 
HAuCl4 could still be neutralized to generate AuCl4−, which then evolved into AuCl3(OH)− 
and AuCl2(OH)2− through ligand exchange. All these Au(III) species could undergo 
galvanic replacement with Ag nanocubes. However, the released Ag+ ions could not be 
converted to Ag2O under an acidic condition and, instead, they were reduced to Ag atoms 
by HAsc− and co-deposited with Au atoms on the Ag nanocubes. As a result, the Ag 
nanocubes were transformed into Ag@Ag-Au concave nanocubes with hollow interiors 
and alloyed walls.  
 
3.2 Experimental Section 
Chemicals and Materials. Silver trifluoroacetate (CF3COOAg, 98%), gold(III) 
chloride trihydrate (HAuCl4·3H2O, 99.9+%), sodium hydrosulfide hydrate (NaHS·xH2O), 
aqueous hydrochloric acid (HCl, 37%), PVP with an average molecular weight of 29,000 
(PVP-29k) or 55,000 (PVP-55k), H2Asc (99%), 4-nitrothiophenol (4-NTP), sodium 
borohydride (NaBH4, 99.99%+), and hydrogen peroxide (H2O2, 30 wt.% in H2O) were all 
acquired from Sigma-Aldrich. NaOH (98+%) was purchased from Alfa Aeser. Ethylene 
glycol (EG) was purchased from J. T. Baker. All chemicals were used as received. All the 
aqueous solutions were prepared using deionized (DI) water with a resistivity of 18.2 
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MΩ·cm at room temperature. The aqueous solutions of HAuCl4 and NaOH used in the 
present work were 0.1 mM and 0.2 M, respectively, unless otherwise specified in the text. 
Synthesis of Ag Nanocubes. We prepared Ag nanocubes with an edge length of 
38.6±1.3 nm by following the protocol developed by Xia and co-workers.24 After 
precipitation with acetone, the nanocubes were collected by centrifugation at 6500 rpm for 
5 min, washed with DI water three times, and then dispersed in water for storage and further 
use.  
Synthesis of Ag-Au Bimetallic Nanocubes. In a standard protocol, 2 mL of aqueous 
PVP-29k (1 mM) was added into a 23-mL glass vial, followed by the introduction of 0.5 
mL of aqueous H2Asc (0.1 M) and a specific volume (0.1, 0.2, 0.3, 0.4, 0.5 mL) of aqueous 
NaOH (0.2 M). After mixing under magnetic stirring, we pipetted 19 µL of the aqueous 
suspension of Ag nanocubes into the mixture with a final concentration of 4.2×1010 
particles/mL. Afterwards, aqueous HAuCl4 (0.1 mM) was titrated into the mixture using a 
syringe pump at a rate of 20 µL/min at room temperature. The reaction solution was 
maintained for another 10 min once the titration was completed. The products were 
collected by centrifugation at 6500 rpm for 12 min, washed twice with water, and then 
dispersed in water for further characterization. 
Selective Etching of Ag from the Ag@Ag Core-Shell Nanocubes. We incubated 
the as-prepared sample in a solution containing 0.7 mL of PVP-29k (1 mM) and 0.3 mL of 
H2Asc (0.1 M) at room temperature for 10 min. The particles were then collected by 
centrifugation at 6000 rpm for 12 min, followed by re-dispersion in 0.1 mL of water. We 
then introduced 1 mL of 3% H2O2 and the etching was allowed to proceed for 2 h. The final 
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products were collected by centrifugation at 13000 rpm for 18 min, followed by washing 
twice with DI water and re-dispersion in DI water for further characterization. 
Selective Etching of Ag from Ag@Ag-Au Concave Nanocubes. We re-dispersed 
the as-obtained sample in 0.1 mL of DI water at room temperature. We then introduced 1 
mL of 3% H2O2 and the etching was allowed to proceed for 2 h. The final products were 
collected by centrifugation at 13000 rpm for 18 min, followed by washing twice with water 
and re-dispersion in water for further characterization. 
Analyzing the Galvanic Replacement Reaction between Ag Nanocubes and 
HAuCl4 in the Absence and Presence of NaOH. In the absence of NaOH, we pipetted 2 
mL of aqueous PVP-29k (1 mM) to 0.5 mL of water in a 23-ml glass vial and the pH was 
4.3 for the reaction solution. To adjust the pH to 11.4, we prepared the aqueous reaction 
solution by introducing 2 mL PVP-29k (1 mM), 60 µL NaOH (0.2 M), and 0.44 mL water 
to a 23-ml glass vial. In each case, 19 µL of the aqueous suspension of Ag nanocubes was 
introduced, followed by the titration of 0.2, 0.4, 0.6, and 0.8 mL of aqueous HAuCl4 (0.1 
mM) using a syringe pump at a rate of 20 µL/min at room temperature. After the completion 
of titration, we waited for 10 min and then collected both solid and supernatant for 
inductively coupled plasma mass spectrometry (ICP-MS) measurements to determine the 
Au and Ag contents in each sample. 
 SERS Monitoring of the Reduction of 4-NTP by NaBH4 using Ag@Au Core-
Shell Nanocubes as a Probe. The Ag@Au core-shell nanocubes were functionalized with 
a 10-6 M solution of 4-NTP in ethanol for 1 h. The 4-NTP functionalized nanostructures 
were then collected by centrifugation at 5000 rpm for 20 min and washed with DI water 
twice. The washed nanostructures were re-dispersed in DI water at a concentration of 
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9.8×1010 particles/mL. Then 0.2 mL of the nanostructures suspension was mixed with 0.2 
mL of 0.1 mg/mL NaBH4 aqueous solution in a 1.5-mL centrifuge tube at room temperature. 
We withdrew 20 µL of the reaction solution every several minutes, placed in a PDMS cell 
to collect SERS spectra. We recorded the Raman spectra using a Renishaw inVia Raman 
spectrometer coupled with a Leica microscope with the use of a 5× objective lens. The 
excitation wavelength was 532 nm and the scattered light was dispersed using a 
holographic notch filter with a grating of 2,400 lines/mm. The spectra were collected with 
a collection time of 10 s at a laser power of 100 mW.  
 Instrumentation and Characterization. We collected the samples using 
Eppendorf 5430 (Eppendorf North America, Hauppauge, NY). The pH value was measured 
using a FiveEasy pH Meter (Mettler Toledo, Columbus, OH). The UV-vis spectra were 
collected using a Cary 50 spectrometer (Agilent Technologies, Santa Clara, CA). 
Transmission electron microscopy (TEM) images were taken using a Hitachi HT7700 
microscope (Hitachi, Tokyo, Japan) operated at 120 kV. Scanning electron microscopy 
(SEM) images were captured using a Hitachi SU-8230 microscope operated at 20 kV. The 
contents of Au and Ag were determined using ICP-MS on NexION 300Q (PerkinElmer, 
Waltham, MA).  
 
3.3 Results and Discussion 
3.3.1 Deposition of Au on Ag Nanocubes at Different pH Values 
To investigate the deposition of Au on Ag nanocubes at different pH values, we 
started with the preparation and characterization of aqueous suspensions containing the 
same amount of Ag nanocubes, H2Asc, and PVP, but different amounts of NaOH. As shown 
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in Figure 3.2A, the pH value of the reaction solution containing 0.5 mL of 0.1 M H2Asc 





Figure 3.2. (A) pH value of a reaction solution as a function of the volume of 0.2 M 
aqueous NaOH added without the titration of aqueous HAuCl4. (B) UV-vis spectra of Ag 
nanocubes before and after reacting with 0.4 mL of 0.1 mM aqueous HAuCl4 at six 




M aqueous NaOH was added, respectively. This is a typical curve when a weak acid is 
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titrated with a strong base. Ascorbic acid is a weak diprotic acid, with pKa at 4.2 and 11.6, 
respectively.20 After the addition of 0.25 mL of NaOH solution, the reaction solution 
(pH=7.2) should be dominated by ascorbate monoanion (HAsc–) as all the H2Asc (0.05 
mmol) in the system should have been neutralized by the OH– according to the following 
reaction: 
 
    H2Asc + OH– = HAsc– + H2O   (3-1) 
  
According to literature, it is HAsc–, not H2Asc, that can donate electrons and serve as a 
reducing agent (see Figure 3.1).20 As such, we expect that the reducing power of the same 
aqueous solution of H2Asc will differ significantly when its pH is adjusted to the alkaline 
and acidic regions because of the large difference in HAsc– concentration. The difference 
in reduction kinetics, in turn, would lead to the formation of distinct products when Ag 
nanocubes are reacted with HAuCl4 in an aqueous system, as observed in our previous 
studies.14,25  
In the initial survey experiments, we employed UV-vis spectroscopy to compare the 
LSPR properties of the Ag nanocubes before and after reacting with 0.4 mL of 0.1 mM 
aqueous HAuCl4 titrated into the reaction solutions with different initial pH values. As 
shown in Figure 3.2B, when the initial pH was controlled at 3.2, 4.1, and 4.8, the major 
LSPR peak of the Ag nanocubes was notably shifted from 430 to 461, 472, and 479 nm, 
respectively. These results suggest that the reaction with HAuCl4 caused major structural 
or morphological changes to the Ag nanocubes when the reaction solution was acidic, with 
an initial pH in the range of 3.2–4.8. In comparison, if the initial pH was tuned to 10.3, 
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11.5, and 11.9, the major LSPR peak of the Ag nanocubes only showed slight shift from 
430 to 442, 441, and 441 nm, respectively. The insignificant shift in peak position indicates 
that the structure or morphology of the parental Ag nanocubes was largely preserved during 
the titration of HAuCl4 when the reaction solution was alkaline, with an initial pH in the 
range of 10.3–11.9.  
We then used electron microscopy to characterize the products obtained upon the 
titration of 0.4 mL of 0.1 mM HAuCl4 solution in the presence of different amounts of 
NaOH and thus different initial pH values. Figure 3.3 shows SEM and TEM images of the 
as-obtained products. At an initial pH of 3.2 (i.e., without adding any NaOH), the products 
exhibited slightly sharpened edges in addition to the observation of small pits on the surface 
(Figure 3.3A). The TEM image in Figure 3.3B confirms the presence of voids in most of 
the nanocubes. The formation of voids can be attributed to the involvement of galvanic 
replacement reaction between the Ag nanocubes and the Au(III) precursor titrated into the 
reaction solution. The released Ag+ ions and the titrated Au(III) precursor were both 
reduced to atoms for their co-deposition onto the edges of the nanocubes, and as a result, 
their edges appeared to be sharpened, consistent with our previous findings.25 When the 
initial pH was increased to 4.1 by adding 0.1 mL of the aqueous NaOH, the products also 
exhibited sharpened edges and corners, but with fewer voids and increased concaveness 
for the side faces (Figure 3.3, C and D).  This observation suggests that the galvanic 
replacement reaction was retarded to a certain extent with the addition of NaOH. The 
increase in concaveness indicates that more atoms were preferentially deposited on the 
edges of the nanocubes. It is worth mentioning that the increase in concaveness could also 





Figure 3.3. SEM (left panel) and TEM (right panel) images of Ag nanocubes after reacting 
with 0.4 mL of 0.1 mM aqueous HAuCl4 at different initial pH values for the reaction 




further increased to 4.8 by introducing 0.2 mL of the aqueous NaOH, the SEM image 
indicates that the particles started to take a rough surface and more concave shape (Figure 
3.3E), consistent with the observation of wavy edges observed under TEM (Figure 3.3F).  
The TEM image indicates the absence of voids in the nanocubes. In this case, the galvanic 
reaction was further suppressed because of the increase in initial pH. Again, the co-
deposition of Au and Ag atoms on the edges gave rise to nanocubes with a concave shape, 
supporting the red-shift of LSPR peak position to 479 nm. When the initial pH of the 
reaction solution was further increased to the alkaline region with a pH of 11.9 by adding 
0.5 mL of the aqueous NaOH, the as-obtained particles exhibited morphology similar to 
the parental Ag nanocubes, except for slight truncation at the corner sites (Figure 3.3, G 
and H). Under this circumstance, there was essentially no involvement of galvanic 
replacement reaction and the Au(III) precursor was reduced to Au atoms for their 
conformal deposition on the edges and side faces. The as-obtained particles showed an 
LSPR peak at 441 nm, closely resembling that of the original Ag nanocubes at 430 nm. 
According to the outcomes of the survey experiments, the reaction can be divided 
into two major groups, corresponding to alkaline and acidic conditions, respectively. As 
such, we decided to focus on the products obtained by titrating different volumes of 
aqueous HAuCl4 into aqueous suspensions of Ag nanocubes with an initial pH in the 
alkaline and acidic regions, respectively. 
 
3.3.2 Deposition of Au on Ag Nanocubes under an Alkaline Condition 
In this set of experiments, we introduced 0.5 mL of the aqueous NaOH into a mixture 
of Ag nanocubes, H2Asc, and PVP to attain an initial pH of 11.9, followed by the titration 
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of different volumes of the aqueous HAuCl4. As shown in Figure 3.4A, the pH of the 
reaction solution gradually decreased from 11.9 to 10.0 during the introduction of 0.8 mL 





Figure 3.4. (A) During the titration of 0.1 mM aqueous HAuCl4 solution, the change of 
pH in the reaction solution containing Ag nanocubes, H2Asc, PVP and 0.5 mL of 0.2 M 
NaOH. (B) UV-Vis spectra recorded from suspension of the Ag nanocubes after reacting 




Within this pH range, the solution of H2Asc should be dominated by HAsc−. We also 
characterized the LSPR properties of the Ag nanocubes before and after reacting with 
different amounts of HAuCl4. Figure 3.4B shows that the major LSPR peak was only 
shifted from 430 to 445 nm, suggesting no involvement of galvanic replacement reaction.  
Figure 3.5, A, C, and E, shows typical TEM images of the samples obtained at 
titration volumes of 0.2, 0.4, and 0.8 mL, respectively, for the HAuCl4 solution. We noticed 
that their morphology was very similar to that of the original Ag nanocubes, except for an 
increase in edge length from 38.6±1.3 nm to 38.9±1.7 nm, 39.3±1.6 nm, 40.3±1.9 nm, 
respectively. To reveal the distribution of Au atoms on the surface of Ag nanocubes, we 
used 3% aqueous H2O2 to selectively remove Ag while leaving Au intact. Following one 
of our recently established protocols,26 we collected aliquots of samples shown in Figure 
3.5, A, C, and E and incubated them in an aqueous solution containing PVP-29k and H2Asc 
for 10 min. The treated samples were then collected by centrifugation and etched in 3% 
H2O2. As shown in Figure 3.5B, nanoframes with pores at corners and sizes slightly smaller 
than the original nanocubes were formed upon the removal of Ag cores from the sample 
obtained with the titration of 0.2 mL of aqueous HAuCl4. The nanoframes shrank in 
dimensions relative to the original nanocubes because they were not rigid enough to sustain 
the sample drying process. The small openings at the corners confirm that the Au atoms 
were preferentially deposited on the edges of the nanocubes with the corners largely 
uncovered. At 0.4 mL, the TEM image in Figure 3.5D shows that nanocages with pores at 
the corners and side faces were obtained after the removal of Ag cores. In this case, the Au 
atoms were deposited on the edges and side faces of the nanocubes for the generation of 




Figure 3.5. TEM images of products before (left panel) and after (right panel) treatment 
with H2Asc and then 3% aqueous H2O2. The samples were prepared at an initial pH of 11.9 
by titrating different volumes of 0.1 mM aqueous HAuCl4: (A, B) 0.2, (C, D) 0.4, and (E, 






 compromised by the inadequate amount of HAuCl4, and as a result, there were pores on 
the side faces after the removal of Ag template. The TEM image in Figure 3.5F shows the 
formation of nanoboxes with well-defined pores at the corner sites after the removal of Ag 
cores from the sample obtained with the addition of 0.8 mL of HAuCl4. Comparing with 
the conventional nanocages reported in literature,27 the nanoboxes exhibited well-defined 
openings at the corner sites and continuous side faces, suggesting that the Au atoms were 
continuously deposited on the side faces for the formation of thicker Au shells that could 
survive the etching process.  
 
3.3.3 Deposition of Au on Ag Nanocubes under an Acid Condition 
In this set of experiments, we performed a parallel study by adding 0.2 mL of the 
NaOH solution to attain an initial pH of 4.8 while keeping all the other parameters the same 
as in Figure 3.5. As shown in Figure 3.6A, the pH of the reaction solution was slightly 
decreased from 4.8 to 4.6 with the addition of 0.1 mM aqueous HAuCl4 up to 0.8 mL. In 
contrast, at an initial pH of 4.8, the major LSPR peak of the Ag nanocubes was significantly 
shifted from 430 to 512 nm, as shown in Figure 3.6B. This result can be attributed to the 
presence of pits and voids formed through the galvanic replacement reaction and the 
increase in concaveness due to the preferential deposition of Au and Ag atoms on the edges. 
Figure 3.7 shows TEM images of the samples obtained after adding different volumes 
of the HAuCl4 solution and the corresponding structures after H2O2 etching. At a titration 
volume of 0.2 mL, we observed the transformation of Ag nanocubes into nanocubes with 
sharpened corners (Figure 3.7A) and then cubic nanoframes upon the removal of Ag cores 
(Figure 3.7B). Some nanoframes exhibited pores at the corners while the edges were 
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slightly distorted due to the lack of rigidity. When the volume of HAuCl4 solution was 
increased to 0.4 and 0.8 mL, we noticed that more Au atoms were accumulated at the 
corners and edges, together with more pronounced surface roughness and surface 





Figure 3.6. (A) During the titration of 0.1 mM aqueous HAuCl4 solution, the change of 
pH in the reaction solution containing Ag nanocubes, H2Asc, PVP and 0.2 mL of 0.2 M 
NaOH. (B) UV-Vis spectra recorded from suspension of the Ag nanocubes after reacting 




Figure 3.7. TEM images of products before (left panel) and after (right panel) treatment 
with 3% aqueous H2O2. The samples were prepared at an initial pH of 4.8 by titrating 





that Ag could be continuously oxidized through the galvanic replacement reaction with 
Au(III) in an acidic solution. The released Ag+ ions together with Au(III) were then reduced 
into atoms, followed by their deposition on the edges and corners of the Ag nanocubes. 
During the etching of Ag cores and the dealloying of Ag from their walls, the structures 
evolved into nanocages with decreasing porosity on the side faces (Figure 3.7, D and F). 
These results also suggest that the deposited Au and Ag atoms could migrate from edges 
and corners to the side faces as more precursor was introduced. 
 
3.3.4 Two Proposed Pathways for the Fabrication of Ag-Au Bimetallic Nanocrystals 
Based on the experimental results presented in Figures 3.5 and 3.7, we propose two 
scenarios to account for the reaction involving HAuCl4, H2Asc, and Ag nanocubes at pH 
initially adjusted to two different extremes (Figure 3.8). When the synthesis is conducted 
in an alkaline solution with an initial pH in the range of 10.3–11.9, galvanic replacement 
can still occur between the Ag nanocubes and the first few drops of aqueous HAuCl4. The 
oxidation and dissolution of Ag atoms are initiated from the corners due to their lower 
reactivity than the atoms situated on the edges and side facets. The released Ag+ ions 
immediately react with the surrounding OH− ions to generate Ag2O patches that ultimately 
cover the entire {111} facets at the corner sites. The Ag2O patches can protect the 
underlying Ag atoms from further oxidation, so the galvanic reaction will cease shortly 
after it is initiated. From this point, the added HAuCl4 is mostly converted to AuCl(OH)3− 
and Au(OH)4− through neutralization and ligand exchange with OH– ions. These two 
species have lower reduction potentials than AuCl4−, helping suppress the galvanic 




Figure 3.8. Schematic illustration of two pathways proposed to account for the formation 





 reduction by HAsc−, followed by their preferential deposition on the edges of the 
nanocubes. As the synthesis proceeds with the introduction of more HAuCl4, the side faces 
of nanocubes are also covered by Au atoms through direct deposition and/or surface 
diffusion from the edges. Due to the presence of oxide patches and therefore increase in 
nucleation energy barrier,28 the Au atoms should not be directly deposited on the corners. 
As shown in Figure 3.9, we still observed the presence of Au at the corner sites of a 
nanocube. It is possible that surface diffusion could transport Au atoms from edges to 
corners, generating an ultrathin layer on top of the Ag2O patches. Collectively, the final 
products are Ag@Au core-shell nanocubes with their corners covered by Ag2O patches and 
then ultrathin Au layers. When the Ag2O patches are removed with an acid to lift off the 
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Au deposited on the Ag2O regions, followed by selective etching of the Ag cores by H2O2, 
the core-shell nanocubes evolve into Au-based nanoboxes with well-defined openings at 





Figure 3.9. (A) STEM and (B−D) EDS mapping image of a Ag@Au nanocube prepared 
by reacting Ag nanocubes with 0.8 mL of 0.1 mM HAuCl4 under alkaline condition (as 




If the synthesis is conducted in an acidic solution with an initial pH in the range of 
3.2–4.8, the reduction power of H2Asc will be compromised due to a reduced concentration  
for HAsc−. On the other hand, the titrated HAuCl4 will dissociate into H+ and AuCl4−, 
followed by the evolution of AuCl4− into AuCl3(OH)− and AuCl2(OH)2− through ligand 
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exchange. In this case, the Au(III) species can be reduced by both the Ag nanocubes and 
HAsc− through galvanic replacement and chemical reduction, respectively. The galvanic 
reaction tends to occur randomly from any site on a Ag nanocube while the resultant Au 
atoms are preferentially deposited on the edges. Because one Au atom is produced at the 
expenses of three Ag atoms during the galvanic reaction between Au(III) and Ag, a pit will 
be generated on the surface of a nanocube. As the titration volume of HAuCl4 is increased, 
the Ag+ ions will be continuously released from the Ag nanocube, further enlarging the pit. 
At the same time, the released Ag+ ions and Au(III) species can both be reduced by HAsc− 
to generate Ag and Au atoms, respectively, followed by their co-deposition on the edges. 
Some of these atoms can migrate to the corners through surface diffusion, transforming the 
Ag nanocube into a Ag@Ag-Au core-frame nanocube with a cavity in the interior. As more 
HAuCl4 is added, the cavity will be enlarged and the Ag and Au atoms resulting from the 
co-reduction will be continuously deposited on the edges and corners, followed by their 
diffusion to side faces. At the end, Ag@Ag-Au hollow nanocubes with concave side faces 
are formed. When the Ag cores are selectively removed through wet etching with H2O2, 
the nanocubes evolve into Au-Ag nanoboxes with pores on the side faces. 
To further support our argument, we compared the standard reduction potentials of 
Ag+, Au3+, and H2Asc at different pH values. Figure 3.10 plots their reduction potentials as 
a function of pH by taking their values from the literature.22 As the pH is increased from 2 
to 12, the reduction potential of Au(III)/Au(0) gradually decreases due to the 
transformation from AuCl4− to Au(OH)4−. In contrast, there is little change in the reduction 
potential of Ag(I)/Ag(0) (0.80 V vs. SHE) up to pH = 6.3. As a result, the driving force for 




Figure 3.10. The standard reduction potentials of Ag+, Au3+, and H2Asc at different pH 
values (this figure is reproduced with permission from ELSEVIER Colloids and Surfaces 




It is worth mentioning that the increase in pH can neutralize more H2Asc into HAsc−, 
ultimately accelerating the reduction kinetics for the Au(III) precursor. As a result, the 
Au(III) precursor will be reduced primarily by HAsc− rather than the Ag nanocubes under 
the alkaline condition. We have also systematically studied and compared the extents of 
galvanic replacement in the absence or presence of NaOH (with no involvement of H2Asc 
in both cases), at initial pH of 4.3 and 11.4, respectively. Specifically, we titrated different 
volumes of HAuCl4 into the aqueous suspension of Ag nanocubes in the presence of PVP 
only and waited for 10 min before collecting both the solid and supernatant by 





Figure 3.11. The amounts of Au deposited on the Ag nanocubes and remaining in the 
supernatant after the titration of different volumes of HAuCl4 into the suspension of Ag 





in the absence of NaOH and at an initial pH of 4.3, the Au content in the solid products 
increased linearly with the volume of HAuCl4 titrated into the reaction solution. At each 
titration volume, the Au(III) ions remaining in the supernatant was essentially zero. This 
data suggests that the added HAuCl4 was completely reduced by the Ag nanocubes via the 
galvanic replacement reaction. In comparison, in the presence of NaOH at pH=11.4, only 
50% of the titrated Au(III) precursor was converted to Au atoms for their deposition on the 
Ag nanocubes, indicating that the galvanic replacement reaction was significantly retarded. 
At an initial pH of 11.4, the added AuCl4− is quickly converted to AuCl(OH)3− and 
Au(OH)4−, both with lower reduction potentials than AuCl4−, making the galvanic reaction 
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with Ag more difficult. Additionally, any Ag+ ions released from the Ag nanocubes will 
react with OH− for the generation of Ag2O on the surface of a Ag nanocube, further helping 




Figure 3.12. TEM images of products (A) before and (B) after treatment with H2Asc and 
then 3% aqueous H2O2. The sample was prepared at an initial pH of 11.9 by titrating 0.8 
mL of a pre-mixed solution prepared by mixing 0.03 mL of HAuCl4 (10 mM) with 0.1 mL 





We assume that the HAuCl4 precursor titrated into the aqueous suspension of Ag 
nanocubes should be immediately neutralized by OH− to yield AuCl4− before it further 
undergoes ligand exchange to generate a mixture of AuCl(OH)3− and Au(OH)4− at pH>10.21  
To fully understand the role of ligand exchange between Cl− and OH− in affecting the 
deposition of Au on Ag nanocubes, we performed another control experiment. In this case, 
we pre-mixed 0.03 mL of HAuCl4 (10 mM) with 0.1 mL of NaOH (0.2 M) in 2.87 mL of 
water to obtain a 0.1 mM Au(III) precursor solution with pH=11.5. We then titrated the 
Au(III) precursor solution into an aqueous suspension of Ag nanocubes in the presence of 
H2Asc, NaOH, and PVP at an initial pH of 11.9. Figure 3.12A shows TEM image of the 
products obtained at a titration volume of 0.8 mL. The particles were essentially the same 
as those shown in Figure 3.5E. However, upon the removal of Ag cores by H2O2 etching, 
the resultant nanoboxes shown in Figure 3.12B are different from those shown in Figure 
3.5F. In this case, we observed a significant population of nanoboxes without openings at 
the corners. This result clearly shows the difference between AuCl4− and Au(OH)4−, 
suggesting that the conversion between them through the ligand exchange with OH− was 
not instantaneous. Interestingly, the initial involvement of galvanic replacement between 
AuCl4− and the Ag atoms located at the corners of nanocubes was instrumental to the 
formation of Au-based nanoboxes with well-defined openings at the corners. 
 
3.3.5 Ag-Au Bimetallic Nanocrystals for Probing Reactions by SERS 
We demonstrated the utility of Ag@Au core-shell nanocubes as a unique SERS probe 
for monitoring the reduction of 4-NTP by NaBH4 in a colloidal suspension. Specifically, 





Figure 3.13. Time-dependent SERS spectra of 4-NTP-functionalized Ag@Au core-shell 
nanocubes collected before and after the addition of NaBH4 solution into an aqueous 
suspension at the excitation wavelength of 532 nm. The nanoparticles were prepared with 




mL of aqueous HAuCl4 and then functionalized the nanoparticles with 4-NTP (see 
experimental section for details). After instigating the reduction with NaBH4, we collected 
SERS spectra from the reaction solution at different time points at 532 nm laser excitation 
(Figure 3.13). At t=0, we observed three characteristic vibrational bands of 4-NTP (marked 
by dashed red lines) at 1108 cm-1 (C-N stretching, νCN), 1336 cm-1 (O-N-O 
stretching, νNO2), and 1572 cm-1 (C-C stretching, νCC),29,30 respectively. At t = 5 min, the 
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νNO2 of 4-NTP was blue-shifted from 1336 to 1331 cm-1, together with a decrease in 
intensity (26%). The intensities of νCN and νCC also decreased but their peak positions were 
essentially unaltered. As the reaction progressed to 10 min, the three signature bands of 4-
NTP continuously decreased in intensity while the νCC of 4-ATP started to emerge at 1591 
cm-1 (marked by a dashed black line). At t=15 min, we noticed that the continuing decrease 
and increase in the intensities for the νCC of 4-NTP and that of 4-ATP at 1572 and 1591 
cm-1, respectively, suggesting the conversion of 4-NTP to 4-ATP. At t= 20 min, we could 
no longer identify the bands of 4-NTP from the spectrum but a weak νCC of 4-ATP. From 
our previous work, we anticipated that the intensity of νCC for 4-ATP could become one-
order of magnitude weaker than that of the band for 4-NTP after the reduction of 4-NTP 
by NaBH4.17 It is also possible that some of the 4-NTP attached to the surface could be 
desorbed by NaBH4 due to a stronger binding of BH4– to Au.31 Because the νCS band 
remained at 1082 cm-1, we believe that some of the 4-ATP molecules were adsorbed on the 
surface of Ag@Au core-shell nanocubes. From 25 to 70 min, the SERS spectra remained 
essentially intact. At t=80 min, four peaks appeared at 1142 cm-1, 1387 cm-1, 1429 cm-1, 
and 1577 cm-1, with their assignments to the νCN+βCH, νNN+νCN, νNN+βCH, and νCC of trans-
4,4’-dimercaptoazobenzene (trans-DMAB, marked by a dashed blue line), 
respectively.32,33 The spectra remained essentially the same except for a slight increase in 
intensity for the peaks up to 100 min. Collectively, our data suggest that Au could catalyze 
the reduction of 4-NTP by NaBH4. Once NaBH4 was completely consumed in the reaction 
solution, any presence of Ag atoms in the outmost surface due to the fast interatomic 
diffusion between Au and Ag could activate O2 in the aqueous solution for the oxidation 
of 4-ATP to trans-DMAB.34,35 We have also collected the time-dependent SERS spectra 
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of 4-NPT using the Ag@Ag-Au hollow nanocubes obtained by the titration volume of 0.8 
mL of aqueous HAuCl4. As shown in Figure 3.14, we observed the similar behavior to 
those shown in Figure 3.13 except that the SERS activity of Ag@Ag-Au hollow nanocubes 
exhibited weaker SERS signal due to some loss of Ag.25 
 
 
Figure 3.14. Time-dependent SERS spectra of 4-NTP-functionalized Ag@Ag-Au hollow 
nanocubes collected before and after the addition of NaBH4 solution into an aqueous 
suspension at the excitation wavelength of 532 nm. The nanoparticles were prepared with 





We have demonstrated the role of hydroxide in controlling the deposition of Au atoms 
on Ag nanocubes for the generation of Ag-Au bimetallic nanocubes with different 
structures. When we conduct the synthesis in an alkaline solution with an initial pH in the 
range of 10.3–11.9, H2Asc is neutralized by OH− to give HAsc−, a strong reducing agent. 
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The HAuCl4 precursor titrated into the aqueous suspension of Ag nanocubes is quickly 
neutralized by OH− to yield AuCl4−. The AuCl4− then undergo galvanic replacement with 
the Ag atoms situated at the corners of a nanocube to initiate the deposition of Au atoms at 
the edges. Due to the presence of OH− ions, the released Ag+ ions are immediately 
converted to Ag2O, generating oxide patches at the corners. As such, the galvanic reaction 
will be terminated shortly after it is initiated, preventing further dissolution of Ag from the 
nanocube. Afterwards, AuCl4− is progressively converted into AuCl(OH)3− and Au(OH)4− 
through ligand exchange, and Au atoms are continuously produced through the reduction 
by HAsc−, followed by their deposition on the edges and side faces for the formation of a 
Ag@Au core-shell nanocube, with some Au deposition at the corners on top of Ag2O. 
Selective removal of the Ag cores generates Au-based cubic nanoboxes with well-defined 
openings at the corners. When the initial pH of reaction solution was adjusted in the range 
of 3.2–4.8, the titrated HAuCl4 precursor actually exists as a mixture of AuCl4−, 
AuCl3(OH)− and AuCl2(OH)2− in the reaction solution. These Au(III) species will be 
reduced through both the galvanic reaction with Ag nanocubes and the chemical reduction 
by HAsc−. Additionally, the released Ag+ ions from the Ag nanocubes can be reduced by 
HAsc− to generate Ag atoms, followed by their co-deposition with Au atoms on the edges 
of nanocubes. The co-deposited Ag and Au atoms can spread to the corners and side faces 
by surface diffusion, eventually leading to the formation of Ag@Ag-Au concave 
nanocubes with hollow interiors as the volume of the titrated HAuCl4 is increased. 
Selective removal of the Ag cores leads to the formation of nanoframes or nanoboxes with 
poorly defined pores on the side faces. We believe this mechanistic study of Au deposition 
on colloidal Ag nanocrystals can provide guidance for the rational design of Ag-based 
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bimetallic nanocrystals involving metals such as Au, Pd, and Pt for the fabrication of novel 
functional nanomaterials. 
 
3.5 Notes to Chapter 3 
Part of this chapter is adapted from the paper “Mechanistic Roles of Hydroxide in 
Controlling the Deposition of Gold on Colloidal Silver Nanocrystals” published in 
Chemistry of Materials.36 
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CHAPTER 4. GOLD-BASED CUBIC NANOBOXES WITH WELL-
DEFINED OPENINGS AT THE CORNERS AND ULTRATHIN 




4.1 Introduction  
 Gold nanostructures embrace fascinating optical properties, commonly known as 
localized surface plasmon resonance (LSPR), for a broad range of applications.1–8 For Au 
nanoparticles with a solid structure and spherical shape, it is feasible to tune their LSPR 
peaks from 520 to 580 nm by increasing the diameter from 20 to 80 nm.9 The location of 
LSPR peaks in the visible region is instrumental to the development of colorimetric sensing 
devices.10 For most biomedical applications, however, it is essential to tailor the LSPR 
peaks to the near-infrared (NIR) between 700 and 1200 nm, in which soft tissues are highly 
transparent to enable deep penetration. By elongating spherical Au nanoparticles into 
nanorods, El-Sayed,11–13 Murphy,14–16 Liz-Marzán,17,18 and many others19–22 were able to 
shift the longitudinal LSPR peaks up to 2000 nm by increasing the aspect ratio of the 
nanorods. On the other hand, Halas and co-workers demonstrated the fabrication of Au 
nanoshells by depositing Au onto silica beads. They established the capability to 
manipulate the LSPR of Au nanoshells from 700 to 1050 nm by reducing the Au thickness 
from 20 to 5 nm.23,24  
Parallel to those developments, Xia and co-workers introduced Au nanocages with 
hollow interiors and porous walls, which could be prepared with precisely tuned LSPR 
peaks up to 1200 nm by leveraging the galvanic replacement reaction between Ag 
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nanocubes and HAuCl4.25–27 In a typical process, Au atoms are derived from a Au(III) 
precursor at the expense of three Ag atoms, followed by their deposition onto the surface 
of a Ag nanocube. Ultimately, the Ag nanocube is transformed into a nanobox and then a 
nanocage through the interplay of alloying and dealloying between Au and Ag. Although 
the galvanic replacement approach is simple and versatile, it does have a number of 
limitations. For example, it is impossible to reduce the wall thickness down to a scale below 
5 nm without breaking the hollow structure. It is difficult to separately tune the size and 
wall thickness of the hollow structures because the wall thickness is stoichiometrically 
related to the size of the Ag nanocubes.28 It is also nontrivial to precisely control the 
location and size of the pores generated in the walls of nanocages. By employing Ag 
nanocubes with an edge length of 94 nm and truncation at the corners, Xia and co-workers 
demonstrated the fabrication of Au-based nanocages with pores (~10 nm) located at the 
corners (the sites with truncation) and 15-nm thick walls in high yields by confining the 
dissolution of Ag and the deposition of Au to the corners and side faces, respectively.29 
However, it is challenging to extend this synthetic approach to Ag nanocubes with sharper 
corners or smaller sizes because of the complications inherent to galvanic replacement, 
alloying, and dealloying processes.  
As discussed in Chapter 3, we could reduce Au(III) ions to generate Au atoms by 
introducing a faster parallel reduction reaction to compete with and thus suppress the 
galvanic replacement reaction between Au(III) and Ag nanocubes.30,31 More significantly, 
we demonstrated that the Au atoms could be deposited on the surface of a Ag nanocube in 
a layer-by-layer fashion to generate a Ag@AunL core-shell nanocube (where n refers to the 
number of Au atomic layers), with a tightly controlled thickness for the Au shells from 
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three to six atomic layers.30 Herein, we demonstrate that Ag2O patches can be specifically 
generated at the corner sites of Ag nanocubes when the synthesis is conducted in the 
presence of sodium hydroxide (NaOH) at pH=11.9. Remarkably, we can selectively 
dissolve the Ag2O patches using a weak acid, lifting off any Au overlayers deposited on 
the Ag2O patches and thus exposing the Ag core at the corner sites without affecting the 
ultrathin Au layers on the side faces. When subjected to Ag etching with an aqueous H2O2 
solution, the Ag core can be completely removed to transform the Ag@AunL nanocube into 
a nanobox with well-defined openings at the corners. Due to the inter-diffusion between 
Au and Ag in physical contact, the final nanobox is comprised of a Au-Ag alloy, whose 
exact composition is controlled by the etchant used for the removal of Ag form the cores. 
This approach works well for Ag nanocubes of 38 nm and 18 nm in edge length and the 
wall thickness of the nanoboxes can be readily controlled down to 2 nm. These ultrathin 
nanoboxes with controllable openings at the corners exhibit strong optical absorption in 
the near-infrared region of 700-1200 nm, making them well-suited for biomedical 
applications. 
 
4.2 Experimental Section 
Chemicals and Materials. Ethylene glycol (EG) was purchased from, J. T. Baker. 
All other chemicals, including silver trifluoroacetate (CF3COOAg, 98%), gold(III) chloride 
trihydrate (HAuCl4·3H2O, 99.9+%), sodium hydrosulfide hydrate (NaHS·xH2O), 
poly(vinylpyrrolidone) (PVP) with an average molecular weight of 29,000 (PVP-29) or 
55,000 (PVP-55), aqueous hydrochloric acid (HCl, 37%), L-ascorbic acid (H2Asc, 99%), 
citric acid (CA, 99.5+%), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 99.95%) and 
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hydrogen peroxide (H2O2, 30 wt.% in H2O) were obtained from Sigma-Aldrich. NaOH 
(98+%) was purchased from Alfa Aesar. All chemicals were used as received while 
deionized (DI) water with a resistivity of 18.2 MΩ·cm at 25 °C was used for the preparation 
of all aqueous solutions. 
Synthesis of Ag Nanocubes. We followed the protocols reported by Xia and co-
workers for the synthesis of Ag nanocubes with average edge lengths of 38 nm32 and 18 
nm,33 respectively. For each synthesis, the final product was collected by centrifugation, 
washed with acetone and DI water three times, and then re-dispersed in DI water. 
Synthesis of Ag@Au3L and Ag@Au6L Core-Shell Nanocubes. In a typical 
synthesis, we placed 2 mL of an aqueous solution of PVP-29k in a 23-mL glass vial and 
then introduced 0.5 mL of aqueous H2Asc (0.1 M) and 0.5 mL of aqueous NaOH (0.2 M) 
under magnetic stirring. Immediately after the introduction of 20 μL of the suspension of 
38-nm Ag nanocubes (with a final concentration of 4.2×1010 particles per mL), 0.4 mL or 
0.8 mL of aqueous HAuCl4 (0.1 mM) was injected into the reaction solution using a syringe 
pump at a rate of 20 µL/min. These two volumes of HAuCl4 yielded Ag@Au3L nanocubes 
and Ag@Au6L nanocubes, respectively. The reaction solution was maintained under 
magnetic stirring at room temperature for another 20 min once the titration had been 
completed. The solid sample was collected by centrifugation at 6000 rpm for 15 min and 
washed with DI water three times. The final product was dispersed and stored in 2.5 mL 
of DI water for further use.  
Synthesis of Au-Based Nanoboxes. We mixed 0.1 mL of the as-prepared Ag@AunL 
nanocubes (4.2×1011 particles per mL) with 0.8 mL of PVP–29k (1 mM) and 0.2 mL of 
H2Asc (0.1 mM) at room temperature under magnetic stirring. After 20 min, the particles 
116 
 
were collected by centrifugation at 6000 rpm for 20 min, followed by re-dispersion in DI 
water. The collected particles were then mixed with 1 mL of 3% aqueous H2O2 and 
incubated under magnetic stirring at room temperature for 3 h. The resultant Au nanoboxes 
were washed twice with DI water and re-dispersed in 0.5 mL of DI water.  
Synthesis of Au-Based Nanoboxes with further Dealloying. To 0.5 mL of an 
aqueous dispersion of the Au nanoboxes prepared by H2O2 etching (see above), 4 µL of 
aqueous Fe(NO3)3 (50 mM) was added and vortexed for a few seconds before the mixture 
was allowed to sit still for another one hour. The solid product was collected by 
centrifugation at 12000 rpm for 20 min, washed twice with DI water, and then re-dispersed 
in 0.5 mL of DI water.  
Instrumentation and Characterization. We used a conventional centrifuge 
(Eppendorf 5430) for the preparation of all samples. We collected all the UV-vis-NIR 
spectra with a LAMDA 750 (PerkinElmer, Waltham, MA). An inductively coupled plasma 
mass spectrometer (ICP-MS, NexION 300Q, PerkinElmer, Waltham, MA) was used for 
the quantification of Ag content. We took transmission electron microscopy (TEM) images 
using an HT7700 microscope (Hitachi, Tokyo, Japan) operated at 120 kV. We acquired 
high-angle annular dark-field scanning TEM (HAADF-STEM) and high-angle annular 
bright-field scanning TEM (HAABF-STEM) images using a JEOL 2200FS STEM/TEM 
microscope equipped with a CEOS GmbH probe corrector at an accelerating voltage of 
200 kV and a probe size of 1 nm. We collected energy dispersive X-ray spectroscopy (EDS) 
spectra under the STEM mode using an Oxford Inca x-sight spectrometer with a 1 mm2 Si 
(Li) detector. EDS mapping was carried out with 25×25 or 50×50 point scans at 1500 ms 
dwell time.  
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Discrete Dipole Approximation (DDA) Calculation. A model of the structure was 
generated by i) creating a cube, ii) subtracting a smaller cube from the interior to create a 
box, and then iii) truncating each corner with a (111) plane, which resulted in the formation 
of eight triangular pores. In terms of the smaller structure (the 20-nm nanobox), truncation 
did not lead to pore sizes commensurate with what was observed by electron microscopy 
characterization. Therefore, a sphere of 1.5 nm in radius was subtracted from each one of 
the corners. Once the shape was generated and inspected with Visual Molecular Dynamics 
(VMD) 1.9.2, it was then uploaded as a shape-file into the ddscat 7.2.0 software. In all 
cases, the propagation (k-vector) and electric field (E-field) of the incident photon were 
perpendicular and parallel to the (100)-facet of the cube, respectively (as indicated in 
Figure 4.8B and Figure 4.10D). Furthermore, in all simulations, between 104 and 105 
dipoles were used to ensure accurate results. The dielectric constant for the Au-Ag alloy 
was taken from the literature.34 Since all spectra were measured when the nanoboxes were 
suspended in water, the dielectric constants of the medium and void spaces were taken to 
be εm = n2 = 1.78. 
 
4.3 Results and Discussion 
4.3.1 Proposed Mechanism for the Transformation of Ag Nanocubes to Au-Based 
Nanoboxes 
Figure 4.1 illustrates the four major steps involved in the fabrication of Au-based 
nanoboxes. The synthesis relies on the use of Ag nanocubes with slight truncation at 
corners as templates for the conformal deposition of ultrathin Au shells. In a typical 
process, the Ag nanocubes are dispersed in an aqueous solution containing NaOH, H2Asc 
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(which should react with NaOH to form ascorbate monoanion (HAsc−) a reducing agent), 
and poly(vinylpyrrolidone) (PVP, a stabilizer), immediately followed by the titration of 
aqueous HAuCl4 using a syringe pump under ambient condition. In the first step, the initial 
few droplets of HAuCl4 should be neutralized by OH– for the generation of AuCl4–. We 
believe that a small number of Au atoms are formed and deposited on the side faces at the 
expense of Ag atoms dissolved from the corners through the galvanic replacement reaction 
between Ag nanocubes and AuCl4–. Because of the presence of NaOH in the reaction 
solution (pH=11.9), the resultant Ag+ ions are supposed to react with OH– for the 
generation of Ag2O at the corners,35 preventing the underlying Ag from further reacting 
with Au(III) species. In the second step, AuCl4– evolved into AuCl(OH)3– and Au(OH)4– 
through ligand exchange with OH– at pH=11.9.36 These Au(III) species with lower 
reduction potential would be reduced by HAsc− for the generation of Au atoms, followed 
by their conformal deposition on the side faces of nanocubes in a layer-by-layer fashion. 
Some of the deposited Au atoms can migrate to corners through surface diffusion.37 As 
such, the Ag nanocubes are transformed into Ag@AunL core-shell nanocubes with multiple 
Au atomic layers on the side faces, together with some Au atoms deposited on the Ag2O 
regions at the corners.  
In the third step, we dissolve the Ag2O at the corners with a weak acid, lifting-off the 
Au deposited on the Ag2O regions.38 Specifically, we collect the Ag@AunL nanocubes by 
centrifugation and then re-disperse them in an aqueous acidic solution containing H2Asc 
and PVP (pH=3.2). We confirm that H2Asc could dissolve Ag2O without compromising 
the integrity of the Au layers on the side faces. Other weak acids such as citric acid also 
worked. Finally, we use aqueous 3% H2O2 to etch away the Ag cores, leading to the 
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production of Au-based nanoboxes with hollow interiors, ultrathin walls, and well-defined 
openings at the corners. We speculate that Ag could be included in the Au walls due to the 
inter-diffusion between the two elements for the formation of an alloy. We could use a 
stronger dealloying agent based on Fe(NO3)3 to remove additional Ag in order to generate 
nanoboxes with a higher Au content. By varying the edge length of the Ag nanocubes and 
the thickness of Au layers deposited on the Ag templates, we can independently control 






Figure 4.1. Schematic illustration (projected along [100] direction) of the four steps 




4.3.2 Fabrication of Au-Based Nanoboxes with Well-Defined Openings at the Corners 
In one set of experiments, we used Ag nanocubes with an average edge length of 
38.0±1.1 nm with slight truncation at the corners (see Figure 2.1 in Chapter 2) as templates 
to generate Ag@Au6L nanocubes and then Au-based nanoboxes with an outer edge length 
of 39.7±3.0 nm (see experimental section for details). Figure 4.2A shows a TEM image of 
the Ag@Au6L nanocubes with the introduction of 0.8 mL of aqueous HAuCl4 (0.1 mM) to 
generate six atomic layers of Au on the side faces. To confirm the formation of a conformal 
shell of Au on the Ag core, we used HAADF-STEM to characterize the core-shell 
nanocubes (Figure 4.2B). The contrast between the shell and the core clearly verifies the 
conformal deposition of Au on the entire surface of the Ag nanocube, with a somewhat 
thinner projection along the edges. The dark contrast at the corners suggests a higher degree 





Figure 4.2. (A) TEM image of Ag@Au6L nanocubes. (B) HAADF-STEM image of a 






Figure 4.3. (A) SEM image of a sample obtained by reacting Ag nanocubes with 0.1 mL 
of 0.1 mM HAuCl4 at a pH of 11.9 in the absence of H2Asc. (B) TEM image of a sample 
obtained by incubating the Ag nanocubes in an aqueous solution containing NaOH, H2Asc, 




We also conducted a control experiment by titrating the Ag nanocubes with HAuCl4 in the 
presence of PVP and NaOH (at pH=11.9) in the absence of H2Asc. Figure 4.3A shows an 
SEM image of the sample obtained with the reaction between Ag nanocubes and 0.1 mL 
of HAuCl4 (0.1 mM), confirming the formation of holes at the corners due to the 
involvement of galvanic replacement reaction. It is also worth pointing out that Ag2O could 
be possibly formed over the entire surface of a Ag nanocube when it was brought into 
contact with a reaction solution containing NaOH, H2Asc and PVP for a long period of 
time due to the involvement of oxidative etching and thus the generation of Ag+ ions.39,40 
We performed another control experiment by leaving Ag nanocubes in the reaction solution 
(pH=11.9) for 60 min prior to the titration of HAuCl4, and we observed the random 
formation of Au nanoparticles on the Ag nanocube (Figure 4.3B). This result indicates the 
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presence of a Ag2O shell on the entire surface of a Ag nanocube and this oxide shell would 
then prevent the epitaxial deposition of Au overlayers.41 Taken together, it is of critical 
importance to start the titration of HAuCl4 immediately after the introduction of Ag 
nanocubes into the reaction solution. In this case, the involvement of galvanic replacement 
would immediately initiate the deposition of Au atoms on the side faces while the Ag atoms 





Figure 4.4.  (A, B) TEM and SEM images of the nanoboxes obtained by removing the Ag 
cores. The particle marked by an arrow indicates the formation of hollow interior. (C) 
Atomic-resolution HAABF-STEM image taken from the corner region of a nanobox. (D) 





After treating the as-prepared Ag@Au6L nanocubes with an aqueous solution 
containing H2Asc and PVP, we removed the Ag cores using 3% aqueous H2O2. Figure 
4.4A shows a typical TEM image of the resultant nanoboxes with an average outer edge 
length of 39.9±3.2 nm, together with a well-preserved cubic shape and well-defined pores 
at the corners. From the TEM image, we noticed that a few of the solid core-shell 
nanocubes still remained in the final product. Likely, the corners of these nanocubes were 
covered by relatively thicker Au overlayers, preventing H2Asc from dissolving Ag2O and 
then H2O2 from attacking and dissolving the Ag core. Figure 4.4B shows an SEM image 
collected from the same sample, confirming the formation of well-defined pores at the 
corners. As shown by the particle marked by an arrow, the interior was indeed hollow due 
to the removal of the Ag core. Figure 4.4C shows an atomic-resolution aberration-corrected 
HAABF-STEM image recorded from the corner region of a nanobox. It reveals a highly 
ordered arrangement for the atoms and gives a wall thickness of about 2 nm, corresponding 
to ten atomic layers along the [100] direction. As indicated by the white, dashed lines, the 
STEM image also clearly resolved an opening at the corner. Although six atomic layers of 
Au were originally deposited on the side faces, the wall thickness of the nanobox was 
increased to ten atomic layers. This result suggests the involvement of inter-diffusion and 
alloying of Au and Ag and thus the retention of Ag in the walls in the form of an alloy. 
Elemental mapping by EDS confirms the presence of Ag in the nanoboxes, with a Au to 
Ag atomic ratio of 1.2:1 (Figure 4.4D). The ICP-MS analysis gives a Au to Ag atomic ratio 
of 1:1 for a bulk quantity of the sample. We suspect that ICP-MS result tends to 
underestimate the relative Au content because any solid Ag@Au6L nanocube remaining in 




Figure 4.5. TEM image of Au-based nanoboxes obtained by titrating 0.4 mL of 0.1 mM 
HAuCl4 into an aqueous mixture containing 38-nm Ag nanocubes, H2Asc, PVP, and NaOH, 




We also fabricated Ag@Au3L nanocubes from Ag nanocubes with an average edge 
length of 38.0±1.1 nm, followed by the removal of Ag cores. Figure 4.5 shows a TEM 
image of the resultant nanoboxes. When the Au atomic layers on the side faces were 
reduced from six to three, the wall thickness of the nanoboxes would decrease, ultimately 
reduce their overall rigidity. On the other hand, we would anticipate that the amount of Au 
deposited on the corners would be reduced as the total amount of HAuCl4 added into the 
reaction system was decreased, leading to the formation of Ag@Au3L nanocubes with non-
uniform Au coverage at the corners and thus the formation of openings with a less uniform 
distribution in pore size. 
To confirm the critical role of H2Asc in transforming the Ag@AunL nanocubes into 
nanoboxes, we recorded UV-vis spectra from the Ag@Au3L nanocubes that were treated 
with DI water, an aqueous PVP solution, or an aqueous solution containing both H2Asc 




Figure 4.6. UV-vis spectra recorded from aqueous suspensions of the Ag@Au3L 
nanocubes after treatment with (A) DI water, (B) aqueous PVP, and (C) aqueous solution 




LSPR peak of Ag@Au3L only dropped slightly in intensity after H2O2 etching when the 
nanocubes were treated with DI water or an aqueous PVP solution. In comparison, the 
original LSPR peak of the Ag@Au3L treated with an aqueous solution containing both 
H2Asc and PVP completely disappeared after H2O2 etching, with the emergence of a weak 
peak around 1000 nm (Figure 4.6C). These results suggest that it was H2Asc that served as 
an acid to selectively dissolve the Ag2O (a base) patches at the corner sites of nanocubes, 
leading to the transformation of core-shell nanocubes into nanoboxes when the Ag cores 
are removed by H2O2.  
To further support our argument that the Ag2O was removed via an acid-base 
neutralization reaction without involving the reduction function of H2Asc, we performed a 
control experiment to treat the Ag@Au6L nanocubes with an aqueous solution containing 
citric acid (CA, 0.1 mM) and PVP at pH=2.2 before the removal of Ag core by H2O2 
etching. As shown in Figure 4.7A, we still obtained Au nanoboxes after the removal of Ag 
cores, confirming the formation of Ag2O, a base that could be dissolved by an acid, at the 
corner sites of Ag nanocubes. Figure 4.7B shows UV-vis spectra of the Ag@Au6L 
nanocubes after the treatment with an aqueous solution containing both CA and PVP, 
followed by etching with H2O2. We noticed that the original LSPR peak of the core-shell 
nanocubes completely disappeared after H2O2 etching, indicating the effectiveness of CA 
in dissolving the Ag2O patches. Taken together, we believe that any protonic acid should 
be able to dissolve the Ag2O as long as it does not compromise the integrity of the Au 






Figure 4.7. (A) TEM image of the Au-based nanoboxes prepared using the same protocol 
as in Figure 4.4A, except for the replacement of ascorbic acid by citric acid (CA) for the 
dissolution of Ag2O patches. (B) UV-vis spectra taken from the Ag@Au6L core-shell 
nanocubes after treatment with an aqueous solution of CA and PVP, followed by etching 




4.3.3 Optical Properties of Au-Based Nanoboxes 
We used UV-vis-NIR spectroscopy to characterize the optical properties of the as-
prepared nanoboxes. As shown in Figure 4.8A, when Ag@Au6L nanocubes were 
transformed into nanoboxes by etching Ag with 3% H2O2, the LSPR peak was red-shifted 
from 447 to 1080 nm. In comparison, if Fe(NO3)3 was used to remove more Ag from the 
walls of the nanoboxes (Figure 4.9), the LSPR peak was further red-shifted to 1135 nm. 





Figure 4.8. (A) UV-vis-NIR spectra taken from an aqueous suspension of the Ag@Au6L 
nanocubes with an average edge length of 40 nm, and the corresponding nanoboxes before 
and after dealloying with Fe(NO3)3. (B) Extinction spectra calculated using the DDA 
method for a Au-based nanobox with an outer edge length of 40 nm, a wall thickness of 2 
nm, a pore size of 10 nm, and an atomic composition of 65% Au and 35% Ag. The 
propagation direction (k-vector) and electric field (E-field) were perpendicular and parallel 





approximation (DDA) to calculate their absorption and scattering cross-sections.42 In the 
simulation, we assumed that a nanobox is surrounded by and completely filled with water. 
Also, we defined the geometry of a nanobox with an outer edge length of 40 nm, a wall 
thickness of 2 nm, and triangular pores (10 nm in edge length) at all corners, together with 
a Au-Ag alloy composition of 65%Au and 35%Ag because of its available dielectric 
constant.34 Figure 4.8B shows the calculated absorption, scattering, and extinction spectra. 
The peak was located at 1100 nm, in agreement with the experimental data (at 1080 nm). 
The calculated extinction, absorption, and scattering cross-sections at resonance were 
35.5×10-15, 31.6×10-15, and 3.9×10-15 m2, respectively. The absorption cross section is 
about five times greater than those reported for Au-Ag nanocages with an edge length of 




Figure 4.9. TEM image of Au-based nanoboxes obtained by titrating 0.8 mL of 0.1 mM 
HAuCl4 into an aqueous mixture containing 38-nm Ag nanocubes, H2Asc, PVP, and NaOH, 




We have also extended the procedure to Ag nanocubes with an average edge length 
of 17.7±0.9 nm (Figure 4.10A) for their transformation into nanoboxes. Specifically, we 
adjusted the initial concentration of these nanocubes in the reaction solution with a goal to 
keep the total surface area the same as that of the nanocubes with an edge length 38 nm. 
As a result, with the titration of 0.8 mL of aqueous HAuCl4 (0.1 mM), Au atoms derived  
from the reduction by HAsc– could also be deposited on the nanocubes for the generation 
of Ag@Au6L nanocubes with an edge length of 19.8±1.1 nm. Figure 4.10B shows TEM 
image of the nanoboxes with an average outer edge length of 19.6±1.4 nm upon removal 
of the Ag cores, indicating a well-preserved cubic shape and holes at the corners. Because 
some of the small Ag nanocubes had significant truncation at the corners, the 20-nm 
nanoboxes were not as uniform as the 40-nm nanoboxes. When the core-shell nanocubes 
were transformed into nanoboxes, the LSPR peak was red-shifted from 425 nm to 835 nm 
(Figure 4.10C). Again, we calculated the optical cross-sections of a nanobox with an outer 
edge length of 20 nm and a wall thickness of 1.9 nm, together with the assumption that the 
pore size is 3 nm at all corners (Figure 4.10D). The resonance peak is located at 810 nm, 
in agreement with the experimental data. The results indicate that absorption is in 
dominance, with its cross-section of 1.6×10-15 m2 at the resonance peak, which is five  
orders in magnitude greater than that of a traditional organic dye (e.g., indocyanine green, 
2.0×10-20 m2 at 800 nm).44 Collectively, our DDA results suggest that the extinction peak 
position is sensitive to the edge length and the wall thickness of the nanobox. It is also 
worth pointing out that the edge length could be varied to tune the ratio of absorption to 
scattering. For example, the absorption completely dominates for the 20-nm nanobox while 
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scattering would emerge with a contribution of 10% as the edge length of the nanobox was 






Figure 4.10. (A) TEM image of Ag nanocubes with edge lengths of 18 nm that were used 
as the templates for the fabrication of nanoboxes with edge length of 20 nm. (B) TEM 
image of Au-based nanoboxes with an outer edge length of 20 nm. (C) UV-vis-NIR spectra 
of an aqueous suspension of the Ag@Au6L nanocubes with an edge length of 20 nm, and 
the corresponding nanoboxes. (D) Extinction spectra calculated for a Au-based nanobox 
with an outer edge length of 20 nm, a wall thickness of 1.9 nm, a pore size of 3 nm, and 








In summary, we have demonstrated a facile route to the fabrication of Au-based 
nanoboxes with a wall thickness less than 2 nm and well-defined openings at corners. When 
HAuCl4 is titrated into a suspension of Ag nanocubes with slight corner truncation in the 
presence of NaOH and H2Asc at the initial pH of 11.9, a small amount of Ag will be 
dissolved from the corners because of its galvanic replacement with Au3+. Owing to the 
presence of OH– ions, Ag2O is immediately formed at the corners, impeding further 
dissolution of Ag from the nanocubes. Meanwhile, the resultant Au atoms are deposited 
onto the side faces, followed by the conformal, layer-by-layer deposition of more Au 
formed through the redox reaction with HAsc–. Some of the deposited Au atoms can also 
migrate from side faces to corners for the generation of Au overlayers thinner than those 
on the side faces. The Ag2O at the corners can be removed using a weak acid, such as 
ascorbic acid or citric acid, making it feasible to completely etch away the Ag core without 
breaking the Au shell as thin as 2 nm. Owing to the ultrathin wall thickness, Au nanoboxes 
as small as 20 nm in edge length can still be fabricated with strong absorption in the near-
infrared region for immediate applications as contrast agents for optical imaging and as 
capsules for controlled release.  
 
4.5 Notes to Chapter 4 
Part of this chapter is adapted from the paper “Gold-Based Cubic Nanoboxes with 
Well Defined Openings at the Corners and Ultrathin Walls Less Than Two Nanometer 
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CHAPTER 5. PLATINUM-SILVER CUBIC NANOCAGES WITH 
WALL THICKNESS LESS THAN 2 NM AND THEIR ENHANCED 





Platinum is a catalyst widely used for many important reactions, including CO 
oxidation in the catalytic converters,1 electro-oxidation of small organic fuels such as 
formic acid and ethanol,2 and oxygen reduction reaction (ORR) key to the operation of 
proton-exchange membrane fuel cells.3,4 However, the expensive price and low abundance 
associated with Pt present a major challenge for developing cost-effective products. One 
approach to reducing the loading of Pt is to switch from the conventional solid 
nanoparticles to more open nanostructures with hollow interiors and porous walls such as 
Pt-based nanocages.5 In this structure, most of the Pt atoms, including those located on the 
inner surface, can participate in the catalytic reaction, making it possible to achieve high 
specific surface areas without using extremely small particles that are highly susceptible to 
sintering and/or dissolution from the support.  
Three different strategies have been reported in literature for the fabrication of Pt-
based nanocages. The first approach relies on the overgrowth of Pt conformal shells on 
well-defined Pd nanocrystal seeds for the generation of Pd@PtnL (n=1–6) core-shell 
nanocrystals, followed by the removal of Pd cores. To this end, Xia and other groups have 
demonstrated the fabrication of Pt-based nanocages by templating with Pd nanocubes,5 
octahedra,6 decahedra,7 and icosahedra.8,9 The second approach exploits the galvanic 
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replacement reaction between a Pt(II) precursor and a sacrificial template made of Ag.10–
13 In this case, Pt atoms are produced from a Pt(II) precursor at the expense of Ag atoms 
for their deposition onto the surface of a Ag template, leading to the formation of a nanobox 
and then a nanocage through the interplay of alloying and dealloying between Pt and Ag. 
The third approach starts with the co-reduction of Pt(II) and Pd(II) precursors to generate 
Pt-on-Pd bimetallic nanodendrites comprised of a Pd interior and dendritic Pt exterior.14,15 
After chemical etching of the Pd interior, Pt-Pd bimetallic hollow nanoparticles with 
dendritic shells are obtained.16,17 Among these three strategies, the first one is particularly 
attractive as it allows for the deposition of an ultrathin, conformal shell of Pt on Pd 
nanocrystals with a thickness precisely controllable down to the atomic scale. It has also 
been demonstrated that the Pt-based nanocages with subnanometer-thick walls exhibited 
great catalytic performance toward ORR.5-9 Despite the remarkable success, however, the 
Pt coating process involves a polyol solvent at an elevated temperature above 200 oC. It is 
also rather expensive to use another scarce precious metal such as Pd as the sacrificial 
template.  
One solution to further reduce the cost associated with Pt-based nanocages is to 
replace Pd with Ag as the sacrificial template. Unfortunately, it has been difficult to simply 
extend the standard protocol developed for the conformal deposition of Pt on Pd seeds to 
Ag nanocrystals due to the involvement of galvanic replacement between Ag and a Pt(II) 
or Pt(IV) precursor.10-13 In this case, the Ag nanocrystal seed can be destructed to such an 
extent that it can no longer serve as a physical template to direct the conformal deposition 
of Pt. In Chapter 2–4, we have discussed the scientific basis and rules for achieving 
galvanic replacement-free overgrowth of Au or Pd on Ag seeds.18–21 Our strategy is based 
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on the introduction of a faster parallel reaction to compete with and thereby suppress the 
galvanic replacement reaction. Herein, we demonstrate that the same principle can be 
extended to deposit conformal, ultrathin shells of Pt on the surface of Ag nanocubes for the 
generation of Ag@Pt core-shell nanocubes with a shell thickness as thin as three atomic 
layers. The facile synthesis involves the injection of H2PtCl6 (a precursor to elemental Pt) 
into an aqueous suspension of Ag nanocubes in the presence of ascorbic acid (H2Asc), 
poly(vinylpyrrolidone) (PVP, a colloidal stabilizer), and NaOH at an initial pH of 11.9 
under ambient conditions. Upon the removal of Ag cores with etching by a mixture of 
Fe(NO3)3 and HNO3, the core-shell nanocubes can be transformed into Pt-based cubic 
nanocages with a wall thickness thinner than 2 nm. Upon deposition on carbon, the 
nanocages with a composition of Pt42Ag58 are found to exhibit enhanced catalytic activity 
toward ORR, with mass and specific activities of 0.30 A mg−1 and 0.93 mA cm−2, 
respectively. 
 
5.2 Experimental Section 
Chemicals and Materials. Silver trifluoroacetate (CF3COOAg, 98%), chloroplatinic 
acid hexahydrate (H2PtCl6·6H2O, 99.9+%), aqueous hydrochloric acid (HCl, 37%), sodium 
hydrosulfide hydrate (NaHS·xH2O), sodium borohydride (NaBH4), H2Asc (99%), sodium 
hydroxide (NaOH, 98+%), potassium tetrachloroplatinate(II) (K2PtCl4, 99.9+%), iron(III) 
nitrate nonahydrate (Fe(NO3)3·9H2O), nitric acid (HNO3, 70%), and PVP with an average 
molecular weight of 29,000 (PVP-29) or 55,000 (PVP-55) were all acquired from Sigma-
Aldrich. Ethylene glycol (EG) was purchased from J. T. Baker. All chemicals were used as 
received. Deionized (DI) water with a resistivity of 18.2 MΩ·cm at room temperature was 
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used throughout all experiments. The commercial Pt/C catalyst was obtained from Tanaka 
Kikinzoku Kogyo. 
Synthesis of Ag Nanocubes. We synthesized the Ag nanocubes with an edge length 
of 38.6±1.3 nm by following the protocol developed by Xia and co-workers.22 The 
nanocubes were washed with acetone and water three times, and then dispersed in water 
for storage and further use. 
Synthesis of Ag@Pt Core-Frame and Core-Shell Nanocubes. In a standard 
protocol, 2 mL of aqueous PVP-29 (1 mM), 0.5 mL of aqueous H2Asc (0.1 M), and 0.5 mL 
of NaOH (0.2 M) were mixed in a 23-mL glass vial under magnetic stirring, followed by 
the introduction of 13.4 µL of the aqueous suspension of Ag nanocubes (with a final 
concentration of 4.2×1010 particles/mL). Afterwards, a specific amount (0.01, 0.1, or 0.4 
mL) of aqueous H2PtCl6 (0.2 mM) or K2PtCl4 (0.2 mM) was injected into the mixture in 
one shot. The mixture was kept at room temperature for another 2 h before the products 
were collected by centrifugation at 5500 rpm for 15 min, washed twice with water, and 
then dispersed in water for further use.  
Selective Etching of Ag Cores from the Ag@Pt Core-Frame and Core-Shell 
Nanocubes. We prepare an aqueous solution by mixing Fe(NO3)3 (1 mM) with HNO3 (3 
mM) at a 1:1 volume ratio. The as-prepared Ag@Pt nanocubes were collected and 
dispersed in 0.1 mL of water, followed by the addition of 1 mL of the Fe(NO3)3/HNO3 
mixture and incubated at room temperature for 1 h. The final products were collected by 
centrifugation at 14000 rpm for 20 min, followed by washing twice with water and re-




X-ray Photoelectron Spectroscopy (XPS) Analysis of the Ag@Pt Core-Frame 
and Core-Shell Nanocubes. Approximately 25 µL of the as-obtained sample was drop 
casted on the surface of a silicon substrate and allowed to dry in air overnight. The sample 
was then analyzed using X-ray photoelectron spectroscopy. The Pt4f (65-85 eV) and Ag3d 
(360-380 eV) peaks of the sample were measured with a resolution of 0.1 eV.   
Instrumentation and Characterization. We collected all the samples using a 
conventional centrifuge (Eppendorf 5430). The pH value was measured by FiveEasy pH 
Meter (Mettler Toledo, Columbus, OH). The contents of Pt and Ag were determined using 
an inductively coupled plasma mass spectrometer (ICP-MS, NexION 300Q, PerkinElmer, 
Waltham, MA). XPS was collected on a Thermo K-Alpha X-ray photoelectron 
spectrometer (Thermo Fisher Scientific, Waltham, MA). Transmission electron microscopy 
(TEM) images were taken using an HT7700 microscope (Hitachi, Tokyo, Japan) operated 
at 120 kV. The high angle annular dark field scanning transmission electron microscopy 
(HAADF-STEM) imaging and electron energy loss spectroscopy (EELS) mapping were 
conducted on a Hitachi HD2700 STEM operated at 200 kV and equipped with a probe 
aberration corrector. 
Electrochemical Measurements. Firstly, 0.5 mg of the carbon-supported Pt-Ag 
nanocages were dispersed in a mixture of 0.8 mL of water, 0.2 mL of isopropanol, and 10 
μL of 5% Nafion under ultrasonication for 1 h to produce an ink for electrochemical 
measurements. Next, 10 μL of the suspension was casted on a glassy carbon rotating disk 
electrode (RDE, Pine Research Instrumentation) with a geometric area of 0.196 cm2, 
followed by drying under ambient condition at room temperature. With the same 
preparation procedure, the commercial Pt/C catalyst (46.6 wt%, ca. 2.1-nm Pt particles 
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supported on Ketjenblack EC-300J, Tanaka Kikinzoku Kogyo) was used as a benchmark 
for comparison. Electrochemical measurements were conducted using a CHI 600E 
potentiostat (CH Instruments). A Hydroflex hydrogen reference electrode (Gaskatel) and a 
Pt mesh were used as the reference and counter electrodes, respectively. All potentials were 
converted to values with reference to the reversible hydrogen electrode (RHE). The 
electrolyte (0.1 M HClO4) was prepared by diluting a 70% stock solution with water. The 
cyclic voltammetric (CV) curves were recorded at room temperature in a N2-saturated 0.1 
M HClO4 solution in the potential range of 0.08−1.1 VRHE at a scanning rate of 50 mV s−1. 
We calculated the electrochemical active surface areas (ECSA) of each catalyst based on 
the charges associated with the desorption of hydrogen in the region of 0.08−0.45 VRHE 
after double-layer correction with a reference value of 210 µC cm−2 (for commercial Pt/C 
and Pt-Ag nanocages) for the desorption of a monolayer of hydrogen from Pt surface. We 
measured the ORR activities at room temperature in the potential range of 0.08−1.1 VRHE 
in an O2-saturated 0.1 M HClO4 solution using the RDE method at a scanning rate of 10 
mV s−1 (rotating speed at 1,600 rpm). The background current is measured in the potential 
range of 0.08−1.1 VRHE by running the ORR sweep profile in an N2-saturated 0.1 M HClO4 
solution at a scanning rate of 10 mV s−1 (rotating speed at 1,600 rpm). The ORR data were 
corrected by ohmic iR drop compensation and background currents. The kinetic current 






+ , where j is the 
measured current density and jL is the diffusion-limiting current density. For the accelerated 
durability test, we collected CVs and ORR polarization curves after sweeping 5000 cycles 
in the potential range of 0.6−1.1 VRHE in an O2-saturated 0.1 M HClO4 solution using the 
RDE method at a scanning rate of 0.1 mV s−1. After the test, the particles were removed 
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from the electrode by sonication and then dissolved in 0.5 mL aqua regia for ICP-MS 
analysis.   
5.3 Results and Discussion 
5.3.1 Proposed Pathway for the Deposition of Pt Atoms on Ag Nanocubes 
Figure 5.1 outlines a pathway proposed to account for the deposition of Pt on a Ag 
nanocube under ambient conditions. Because NaOH is used to adjust the initial pH of the 
reaction solution to the alkaline region, the hydroxide can affect the deposition of Pt atoms 
on Ag nanocubes in a number of different ways. First of all, the added H2PtCl6 is supposed 
to be quickly neutralized to generate PtCl62−, followed by possible ligand exchange with 
H2O and OH– to generate Pt(IV) species that may include PtCl5(OH)2− and PtCl4(OH)22−.23-
26 However, as confirmed by the UV-vis spectra in Figure 5.2, the Pt(IV) ions quickly 
formed stable complexes with the nitrogen atoms in PVP,26 preventing them from further 
ligand exchange with H2O and OH–. On the other hand, H2Asc was neutralized to generate 
ascorbate monoanion (HAsc−), a strong reducing agent, for the quick production of Pt 
atoms through direct chemical reduction.27 As a result, the galvanic replacement reaction 
would become less favorable, making the reduction of Pt(IV) by HAsc− a dominant channel 
for the generation of Pt atoms. Finally, any Ag+ ions released from the Ag nanocubes due 
to oxidative etching can react with OH− in the reaction solution instantaneously, resulting 
in the formation of Ag2O patches on the surface of the Ag nanocubes.27  
Because the surface free energies of the low-index facets on Ag nanocubes decrease 
in the order of γ(110) > γ(111) > γ(100) in the presence of PVP, it is anticipated that the Pt atoms 
derived from the chemical reduction of Pt(IV) by HAsc− should be sequentially deposited 





Figure 5.1. Schematic illustration of a mechanism proposed to account for the deposition 
of Pt on the surface of a Ag nanocube as the volume of the injected Pt(IV) precursor is 





shell nanocubes. Immediately after the injection of H2PtCl6 into the reaction solution, we 
suspect that PtCl62− derived from the neutralization by NaOH could also react with Ag 
nanocubes for the initial deposition of Pt atoms on the edges of Ag nanocubes at the 
expenses of Ag atoms located at the corners or side faces of the nanocubes. As a 
consequence, the Ag+ ions released from the nanocubes can instantaneously react with the 
surrounding OH− ions to generate Ag2O patches sporadically on the corners or side faces, 
preventing the underlying Ag atoms from further oxidation through the galvanic 
replacement reaction. Afterwards, the Pt atoms should be mainly produced through the 
chemical reduction by HAsc−, followed by their deposition onto the edges for the 




Figure 5.2. UV-vis spectra recorded from aqueous solutions of H2PtCl6 in the presence of 
(A) PVP, (B) NaOH, and (C) PVP plus NaOH. As discussed in ref. 26, the peak shift from 
261 nm to 258 nm is due to the complexing between Pt(IV) and the nitrogen atoms in PVP. 
The addition of NaOH did not cause any change to the UV-vis peak up to 45 min, indicating 
a slow ligand exchange process with OH–. In the presence of both PVP and NaOH, the 
Pt(IV) can be slowly reduced by the hydroxyl end groups on PVP. 
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nanocubes. If the synthesis is continued with a larger injection volume of aqueous H2PtCl6, 
the side faces and corners of the nanocubes can also be covered by Pt atoms through direct 
deposition and/or surface diffusion from the edges. Because the nucleation energy barrier 
on the oxide patches tends to be higher than a metal surface,27 we argue the Pt atoms should 
not be directly deposited on the Ag2O regions. Instead, they should cover the surface of 
oxide patches via surface diffusion, generating an ultrathin shell of Pt on the surface of Ag 
nanocubes for the generation of Ag@Pt core-shell nanocubes. When the Ag2O patches are 
removed with HNO3 to lift off the Pt deposited on these regions, followed by selective 
etching of the Ag cores by Fe(NO3)3, the Ag@Pt core-frame and core-shell nanocubes 
should evolve into Pt-Ag alloy nanoframes and nanocages, respectively.  
5.3.2 Transformation of Ag Nanocubes into Ag@Pt Core-Shell Nanocubes and Pt-Ag 
Nanocages 
In a typical synthesis, we started with the preparation of Ag nanocubes with an 
average edge length of 38.6±1.3 nm by following a published protocol (see Figure 2.1).22 
We then dispersed the Ag nanocubes in an aqueous solution containing H2Asc (0.1 mM), 
PVP (1 mM), and NaOH (0.2 M) at an initial pH set to 11.9, followed by the one-shot 
injection of different volumes of aqueous H2PtCl6 (0.2 mM) under magnetic stirring, and 
finally allowed to react for 2 h at room temperature. Figure 5.3A, C, E shows the products 
obtained with the addition of 0.02, 0.1, and 0.4 mL of aqueous H2PtCl6, respectively. We 
found that the cubic morphology of the Ag nanocubes was preserved while their averaged 
edge length was slightly increased from 38.6±1.3 nm to 38.7±2.0 nm, 39.0±1.7 nm, and 
39.9±1.8 nm, respectively. Our inductively coupled plasma mass spectrometry (ICP-MS) 




Figure 5.3. TEM images of the products before (left panel) and after (right panel) etching 
with an aqueous solution containing Fe(NO3)3 and HNO3. The samples were prepared by 
reacting Ag nanocubes with different volumes of aqueous 0.2 mM H2PtCl6 in the presence 






Figure 5.4. XPS of Ag@Pt nanocubes prepared with the addition of 0.02 mL and 0.1 mL, 






corresponding to the injection volumes of 0.1 and 0.4 mL, respectively. We also used X-
ray photoelectron spectroscopy (XPS) to analyze the Pt deposited on the Ag nanocubes. 
As shown in Figure 5.4, the amount of Pt being deposited on the Ag nanocubes was 
increased as the injection volume of H2PtCl6 solution was increased from 0.02 to 0.1 mL. 
To confirm the essential role of NaOH in supporting the deposition of Pt on the Ag 
nanocubes by suppressing the galvanic replacement reaction between Ag nanocubes and 
Pt(IV) precursor, we performed a control experiment by excluding NaOH while keeping 
all other parameters the same. As shown in Figure 5.5, we observed the formation of voids 
in the nanocubes, confirming the involvement of galvanic replacement reaction. Taken 
together, these data confirm the conformal deposition of Pt on the Ag nanocubes. By 
simply changing the injection volume of the Pt(IV) precursor, we can easily control the 






Figure 5.5. TEM image of the sample prepared by injecting 0.4 mL of aqueous H2PtCl6 in 
the presence of H2Asc and PVP, but in the absence of NaOH.  
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To reveal the deposition pathway of the Pt atoms on the surface of Ag nanocubes, we 
used an aqueous mixture of Fe(NO3)3 (1 mM) and HNO3 (3 mM) to selectively etch away 
Ag but not Pt (see experimental session for details). For the injection volume of 0.02 mL, 
Figure 5.3B shows the formation of broken nanoframes, indicating that the initial 
deposition of Pt indeed occurred on the edges of the Ag nanocubes, consistent with our 
findings in other systems.27–29 We noticed that several of the core-frame nanocubes 
survived from the etching process and the size of a nanoframe was much smaller than that 
of the nanocubes shown in Figure 5.3A. It is anticipated that the Pt atoms deposited on the 
edges of the Ag nanocubes only generated relatively thin ridges, and as a result, the 
resultant nanoframes could deform and thus shrink inward due to the capillary force 
involved in the drying process of TEM sample prep. As the injection volume was increased 
from 0.02 to 0.1 mL, Figure 5.3D indicates the formation of nanocages with the presence 
of pores on the side surfaces. The average edge length of the nanocages was 27.2±3.8 nm, 
ca. 30% smaller than that of the original nanocubes shown in Figure 5.3C. Also, the cubic 
shape was not well preserved due to the involvement of ultrathin walls for the nanocages. 
With a further increase of injection volume to 0.4 mL, Figure 5.3F shows the formation of 
well-defined nanocages with small pores on the side faces. Again, the average edge length 
was only 31.1±3.3 nm, roughly 22% smaller than that of the original nanocubes shown in 
Figure 5.3E. When we increased the injection volume to 0.8 mL, we obtained nanocages 
with an average edge length of 33.0±3.9 nm, as shown in Figure 5.6. However, due to the 
involvement of ultrathin walls that are susceptible to deformation during sample prep 
and/or upon exposure to an electron beam, we were unable to resolve the exact wall 




Figure 5.6. TEM image of Pt-Ag nanocages prepared by reacting Ag nanocubes with 0.8 
mL of aqueous H2PtCl6 in the presence of H2Asc, PVP, and NaOH at pH=11.9, followed 
by etching with an aqueous solution containing Fe(NO3)3 and HNO3.  
 
We also performed another control experiment to replace the Pt(IV) precursor based 
on H2PtCl6 with a Pt(II) precursor based on K2PtCl4, while keeping all other experimental 
parameters unaltered. At an injection volume of 0.4 mL, Figure 5.7, A and B, shows the 
as-obtained products before and after treatment with the Fe(NO3)3/HNO3 etchant. The 
structures are similar to those shown in Figure 5.3, E and F. Collectively, our results support 
the aforementioned argument that the initial deposition of Pt atoms derived from the 
reduction of Pt(II) or Pt(IV) precursor would start from the edges of the Ag nanocubes, 
followed by deposition on the corners and side faces, sequentially transforming the Ag 
nanocubes into Ag@Pt core-frame and core-shell nanocubes.  
It is worth pointing out that the HNO3 in the etching solution could serve as an acid 




Figure 5.7. TEM images of Ag@Pt core-shell nanocubes (A) before and (B) after etching 
with Fe(NO3)3/HNO3. The sample was prepared by reacting Ag nanocubes with 0.4 mL of 




to the transformation of Ag@Pt core-frame or core-shell nanocubes into nanoframes or 
nanoboxes after the further removal of Ag cores by Fe(NO3)3. To support our argument 
that the Ag2O patches were removed through an acid-base neutralization reaction, we 
performed a control experiment to etch the as-obtained Ag@Pt nanocubes prepared with 
an injection volume of 0.4 mL with 3% aqueous H2O2 etching. As shown in Figure 5.8A, 
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there was no change to the morphology. In comparison, when the sample was treated with 





Figure 5.8. TEM images of Ag@Pt core-shell nanocubes after treatment with (A) 3% 
aqueous H2O2 and (B) H2Asc/PVP and then 3% aqueous H2O2. The samples were prepared 
by reacting Ag nanocubes with 0.4 mL of aqueous H2PtCl6 (0.2 mM) in the presence of 




nanocages again after the removal of Ag cores. Taken together, our results confirm the 
formation of Ag2O, a base that could be readily dissolved by a protonic acid. We believe 
that any protonic acid can be able to dissolve the Ag2O patches as long as it does not 
compromise the structural integrity of the Pt overlayers on the side faces and thus 
compromise the etching of Ag by Fe(NO3)3.  
We also used aberration-corrected high-angle annular dark-field scanning TEM 
(HAADF-STEM) to characterize one of the Ag@Pt core-shell nanocubes prepared with 
the injection of 0.4 mL of aqueous H2PtCl6 (see Figure 5.3E). As shown in Figure 5.9A, Pt 
atoms could be readily resolved on the surface of the Ag nanocube due to their large 
difference in atomic number. It is interesting to acknowledge the presence of a shallow hole 
at the top right corner of the nanocube, suggesting the loss of Ag atoms due to galvanic 
replacement in the initial stage. Figure 5.9B reveals the arrangement of Ag and Pt atoms, 
from which we identified that 3–4 atomic layers of Pt atoms (with a thickness of about 0.6 
nm) were deposited on the surface of the Ag nanocube, consistent with our aforementioned 
estimate based on the increase in edge length from 38.6±1.3 nm to 39.9±1.8 nm. We also 
analyzed the elemental distributions of Ag and Pt using STEM-electron energy loss 
spectroscopy (EELS). Figure 5.9C gives the STEM-EELS mapping of Ag, suggesting some 
loss of Ag at one of the corners of the nanocube. Figure 5.9D shows the STEM-EELS 
mapping of Pt, indicating the deposition of Pt on the edges, corners, and side faces of the 
nanocube. Taken together, this set of data confirms the formation of Ag@Pt3L core-shell 
nanocubes when the sample was prepared with 0.4 mL of 0.2 mM aqueous H2PtCl6. 
We further used high-resolution (HR) TEM to characterize the detailed morphology 




Figure 5.9. (A, B) HAADF-STEM images, at two different magnifications, of a Ag@Pt 
nanocube. The sample was prepared by reacting Ag nanocubes with 0.4 mL of aqueous 
H2PtCl6 (0.2 mM) in the presence of H2Asc, PVP, and NaOH at pH=11.9 (see Figure 5.3E). 





Figure 5.10A gives a HAADF-STEM image of the Pt-Ag nanocages, from which we could 
spot the small openings across the side faces. At atomic resolution, as shown in Figure 
5.10B, we could only resolve the lattice fringes in some areas at atomic resolution because 
the ultrathin and fragile nanocages tended to lose their original shapes after washing and 
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centrifugation steps during the TEM sample preparation process. It is worth mentioning 
that the inter-diffusion and alloying process between Pt and Ag could result in the retention 
of some Ag atoms during the etching process, and as a result, Ag@Pt core-shell nanocubes 
with a shell thickness of 0.6 nm were transformed into Pt-Ag nanocages with a thickness 
less than 2 nm. We analyzed the elemental distributions of Ag and Pt for an individual 
nanocage using energy dispersive X-ray spectroscopy (EDS). Figure 5.10, C-F, shows the 
STEM image of a nanocage, and the corresponding EDS mapping results of Ag and Pt, 
respectively. Based on the ICP-MS measurements, the nanocages can be assigned with a 





Figure 5.10. (A) HAADF-STEM image of Pt-Ag nanocages shown in Figure 5.3F. (B) 
Atomic resolution HAADF-STEM image of a nanocage and (C-E) STEM image and EELS 
mapping of Pt (green) and Ag (red) for an individual nanocage shown in (C). 
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5.3.3 Catalytic Activities of Pt-Ag Nanocages toward Oxygen Reduction Reaction  
We evaluated the catalytic activities of Pt42Ag58 nanocages toward ORR by 
benchmarking against a commercial Pt/C catalyst (46.6 wt%, 2.1-nm Pt particles supported 
on Ketjenblack EC-300J). Figure 5.11A shows the cyclic voltammetry (CV) curves of the 
two catalysts in a N2-saturated 0.1 M HClO4 solution in the potential range of 0.08–1.10 
VRHE at a scanning rate of 50 mV s-1. The specific electrochemical active surface area 
(ECSA) of each catalyst was calculated from the charges associated with the desorption of 
hydrogen in the region of 0.08–0.45 VRHE by assuming the hydrogen monolayer desorption 
from Pt surfaces as 210 µC cm-2 for both catalysts. The ECSAs of the Pt42Ag58 nanocages 
and Pt/C are 32.16 m2 g−1 and 52.30 m2 g−1, respectively. The lower specific ECSA of the 
Pt42Ag58 nanocages can be attributed to a number of factors, including the alloy 
composition, the intrinsically lower utilization efficiency of atoms for a 2D structure (i.e., 
the side faces of the nanocages) relative to pseudo-spherical particles in Pt/C, and the 
aggregation of nanocages on the carbon. Figure 5.11B shows the positive-going ORR 
polarization curves of both catalysts when we measured the ORR current densities of the 
catalysts in an O2-saturated aqueous HClO4 solution (0.1 M) in the potential range of 0.08–
1.10 VRHE at a scanning rate of 10 mV s−1. The kinetic currents of a polarization curve were 
then computed using the Koutecky-Levich equation and normalized to the ECSA and Pt 
mass of the catalyst to obtain the mass activity (jk,mass) and specific activity (jk,specific).30 As 
shown in Figure 5.11, C and D, the  jk,mass and jk,specific of the Pt42Ag58 nanocages were 0.30 
A mg−1 and 0.93 mA cm-2, respectively, at 0.9 VRHE, which are 1.6 and 2.5 times greater 
than those of the Pt/C catalyst at 0.18 A mg−1 and 0.37 mA/cm2. After 5000 cycles of 
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accelerated durability test, the composition of the Pt-Ag nanocages changed to Pt89Ag11 
because of the  
 
Figure 5.11. (A) CV curves recorded from Pt42Ag58 nanocages and a commercial Pt/C 
catalyst. (B) Positive-going ORR polarization curves of Pt42Ag58 nanocages and a 
commercial Pt/C catalyst. The currents were normalized to the geometric area of the 
rotating disk electrode. (C) Mass activity and (D) specific activities of Pt42Ag58/C 




Selective dissolution of Ag during the potential cycling. As a result, both the mass activity 
and specific activity were decreased by 37% and 33%, respectively, while the specific 
ECSA was only reduced by 6.5%. Such composition-dependent activities of the Pt-Ag 
nanocages are consist with those of Pt-Ag alloy nanocages prepared through a galvanic 
replacement reaction.13 Our results also support the argument that the composition of Pt-
Ag bimetallic nanocages plays an essential role in affecting the O-O bond breaking 
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energetics, and ultimately the ORR activities. As shown in Figure 5.12, the morphology of 
the Pt-Ag nanocages remained the same before and after the durability test while their 





Figure 5.12. TEM images of Pt-Ag nanocages supported on carbon (A) before and (B) 







In summary, we have demonstrated a facile and robust route to the fabrication of Pt-
Ag nanocages with a wall thickness less than 2 nm using Ag nanocubes as the template. 
Our success relies on the establishment of a protocol for galvanic-free deposition of Pt on 
the surface of Ag nanocubes for the generation of Ag@Pt core-shell nanocubes with a shell 
thickness of three-atomic layers or ca. 0.6 nm. The synthetic protocol includes the one-shot 
injection of the H2PtCl6 precursor into an aqueous suspension of Ag nanocubes containing 
H2Asc, NaOH, and PVP at an initial pH of 11.9. We discover that the galvanic replacement 
between Ag nanocubes and H2PtCl6 was effectively retarded due to the speciation of the 
added PtCl62− to PtCl5(OH)2− and PtCl4(OH)22- with increasingly lower reduction potentials 
than PtCl62−. In turn, these newly formed Pt(IV) species would be reduced by HAsc− for 
the generation of Pt atoms, followed by their conformal deposition on the edges and then 
corners and side faces of Ag nanocubes in the layer-by-layer manner. After the removal of 
Ag cores using a wet etchant based on Fe(NO3)3/HNO3, the core-shell nanocubes are 
transformed into Pt-Ag alloy nanocages with an ultrathin wall thickness as thin as 2 nm. 
When the resultant nanocages with a composition of Pt42Ag58 are deposited on carbon and 
subjected to catalytic test toward ORR, we obtain mass and specific activities of 0.30 A 
mg−1 and 0.93 mA cm−2, which could be further improved by optimizing the wall thickness 




5.5 Notes to Chapter 5 
Part of this chapter is adapted from the paper “Pt-Ag Cubic Nanocages with Wall 
Thickness Less Than 2 nm and Their Enhanced Catalytic Activity toward Oxygen 
Reduction” published in Nanoscale.31 
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This dissertation documents the development of two strategies to deposit a second 
metal M (M: Au, Pd, or Pt) on Ag nanocrystals for the fabrication of Ag@Ag-M core-
frame, Ag@M core-shell bimetallic nanocrystals, and their derivatives. A typical synthesis 
involves the titration of Mn+ (a precursor to M) ions into an aqueous suspension containing 
Ag nanocubes, ascorbic acid (H2Asc), and poly(vinylpyrrolidone) (PVP) under ambient 
conditions. Specifically, when Ag nanocrystals are mixed with a salt precursor to the 
second metal in the presence of a reducing agent, the added precursor can be reduced by 
both the Ag seeds (via galvanic replacement at a rate of Rgal) and reducing agent (via 
chemical reduction at a rate of Rred). Under Rred > Rgal, the precursor will be primarily 
reduced by the reducing agent instead of participating in the galvanic replacement. If self-
nucleation is eliminated by titrating the precursor in a dropwise fashion, the metal atoms 
derived from the chemical reduction can be directed to nucleate from the surface of the Ag 
seeds, generating bimetallic nanocrystals with a core-frame or core-shell structure.  
The first approach involves the co-titration of aqueous Ag+ and Mn+ ions into an 
aqueous mixture of Ag nanocubes, H2Asc, and PVP at a pH around 3.2. When the added 
Ag+ ions are able to push the galvanic replacement backward, Rgal can be reduced to attain 
Rred > Rgal. Because PVP binds more strongly to the {100} facets on Ag nanocubes, the 
specific surface free energies of the low-index facets on Ag nanocubes decrease in the order 
of γ(110) > γ(111) > γ(100). As such, the Ag and M atoms derived from chemical co-reduction 
by H2Asc are initially deposited on the edges, followed by sequential deposition on the 
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corners and side faces, respectively. Upon the selective removal of Ag, Ag-M alloy 
nanoframes with different ridge thicknesses are obtained. We performed the proof-of-
concept experiments by co-titrating AgNO3 and HAuCl4 into the suspension of Ag 
nanocubes in the presence of H2Asc and PVP for the fabrication of Ag@Ag-Au core-frame 
nanocubes. When the molar ratio of AgNO3 to HAuCl4 is equal to or larger than three, we 
confirmed that galvanic replacement reaction between Ag nanocubes and HAuCl4 was 
completely inhibited. In this case, both precursors were co-reduced by H2Asc for the 
generation of Au and Ag atoms, followed by their selective deposition on the edges, 
corners, and side faces of the nanocubes in a seeded growth manner. Additionally, by 
monitoring the amount of Au and Ag deposited onto the nanocubes using inductively 
coupled plasmon mass spectrometry (ICP-MS), we discovered that the added precursors 
were completely reduced to atoms for their deposition onto the nanocubes during the 
transformation of Ag nanocubes into Ag@Ag-Au nanocubes. Hence, the co-titration 
process offers an exquisite control over relative amount of Au and Ag atoms being 
deposited by simply varying the feeding ratio of the precursors. The resultant Ag@Ag-Au 
core-frame nanocubes exhibit unique localized surface plasmon resonance (LSPR) 
property and enhanced surface enhanced Raman scattering (SERS) activity at the excitation 
wavelength of 785 nm.  
Most significantly, we extended the co-titration to the fabrication of Ag@Ag-Pd 
nanocubes by co-titrating Na2PdCl4 and AgNO3 in the presence of H2Asc and PVP. By 
varying the titration volumes to both precursors, we could manipulate the elemental 
composition of the Ag@Ag-Pd nanocubes and thus optimize the integrated SERS activity 
from Ag and the catalytic activity from Pd. We demonstrated the utility of Ag@Ag-Pd 
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nanocubes as a dual catalytic system for catalyzing and reporting the reduction of 4-
nitrothiophenol by NaBH4 to 4-aminothiophenol (4-ATP) and the subsequent oxidation of 
4-ATP to trans-4,4’-dimercaptoazobezene by O2 from air. After we further transformed 
Ag@Ag-Pd core-frame nanocubes into Ag-Pd nanoframes by the removal of Ag core using 
3% aqueous H2O2, the resultant Ag-Pd nanoframes exhibit catalytic activities toward the 
reduction of 4-nitrophenol to 4-aminophenol by NaBH4. 
The second approach involves the titration of aqueous Mn+ precursor into an aqueous 
mixture of Ag nanocubes, H2Asc, PVP, and NaOH in the pH range of 10.3-11.9. The 
presence of OH− can affect the deposition of M atoms in a number of ways. For example, 
the H2Asc should be neutralized by OH− to give ascorbate monoanion (HAsc−) under 
alkaline condition, the actual reducing agent associated with H2Asc, achieving the 
condition of Rred > Rgal. Again, the M atoms derived from the reduction by HAsc− are 
sequentially deposited on the edges, corners, and side faces for the formation of Ag@M 
core-frame and then core-shell nanocubes.  
In the case of Au deposition, with the involvement of OH−, the titrated AuCl4− 
precursor can undergo ligand exchange to generate AuCl(OH)3− and Au(OH)4− with lower 
reduction potentials and thus slower rates for both the reduction and galvanic reactions than 
the original precursor. In this case, galvanic replacement can still occur between the first 
few drops of AuCl4− precursor and the Ag atoms situated at the corners. We argue that the 
released Ag+ ions can react with OH− instantaneously to generate Ag2O patches at the 
corner sites, protecting the underlying Ag from further galvanic oxidation. After a few 
drops, the precursor is mostly reduced by HAsc− for the generation of Au atoms, followed 
by their deposition on the edges, side faces, and then corners for the generation of Ag@Au 
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core-frame and then core-shell nanocubes. The core-frame nanocubes can be converted to 
Au-based nanoframes by directly etching away the Ag. For the core-shell nanocubes, they 
can be transformed into Au-based nanoboxes with well-defined openings at corners by 
dissolving the Ag2O patches with a weak acid, followed by the removal of Ag.  
When the 40-nm Ag@Au core-shell nanocubes with Au shells of six atomic layers 
were transformed into Au nanoboxes with Au to Ag atomic ratios of 1:1, the resonance 
peak of the Ag@Au core-shell nanocubes was shifted from 447 to 1080 nm after the 
selective removal of Ag cores. We also used the discrete dipole approximation (DDA) 
method to calculate the optical spectra for a nanobox model with an outer edge length of 
40 nm, a wall thickness of 2 nm, and triangular pores (10 nm in edge length) at all corners. 
In this calculation, we selected an atomic composition of 65%Au and 35%Ag because it 
was the closest composition with dielectric constants available in literature. The calculation 
showed that the resonance peaked at 1100 nm, in agreement with the experimental value 
at 1080 nm. Owing to the ultrathin wall thickness, the optical resonance of the nanobox is 
dominated by absorption, with a peak cross-section of 31.6×10-15 m2, five times greater 
than those reported for Au nanocages with a similar edge length that were prepared using 
the galvanic replacement route.  
We also demonstrated the fabrication Ag@Pt core-shell nanocubes by injecting 
H2PtCl6 into an aqueous mixture of Ag nanocubes, H2Asc, PVP, and NaOH at an initial 
pH of 11.9 under ambient conditions. In this case, Pt(IV) ions quickly formed stable 
complexes with the nitrogen atoms in PVP, preventing them from evolving into 
PtCl5(OH)2− and PtCl4(OH)22− through ligand exchange with H2O and OH–. The Pt(IV) 
precursor is mostly reduced by HAsc− derived from the neutralization of H2Asc with NaOH 
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under an alkaline condition. The newly formed Pt atoms are deposited onto the edges and 
then corners and side faces of Ag nanocubes, leading to the generation of Ag@Pt3L core-
shell nanocubes with a conformal Pt shell thickness of only about three atomic layers (or 
ca. 0.6 nm). After the selective removal of Ag cores using an etchant based on Fe(NO3)3, 
we transform the core-shell nanocubes into Pt-Ag alloy nanocages with an ultrathin wall 
thickness of less than 2 nm. We further demonstrated that the as-obtained nanocages with 
a composition of Pt42Ag58 exhibit enhanced catalytic activity toward the oxygen reduction 
reaction, with mass activity of 0.30 A mg−1 and specific activity of 0.93 mA cm−2, which 
are 1.6 and 2.5 times greater than those of the Pt/C catalyst, respectively. 
 
6.2 Future Directions 
 This work has established the scientific foundation for achieving seeded growth with 
two metals that are plagued by galvanic replacement reaction. By using Ag nanocubes as 
the model system, we demonstrated the galvanic replacement-free seeded growth of Au, 
Pd, and Pt on the surface of Ag nanocubes for the fabrication of Ag-based bimetallic core-
frame and core-shell nanocubes and their derivatives. Moving forward, we can fabricate 
diversified bimetallic nanostructures by changing the experimental parameters such as the 
shape of the seeds, the precursor to the other metal, and the choice of capping agent. For 
example, we can replace the nanocubes with nanorods as the seeds to fabricate Ag@Au 
core-shell nanorods with tunable LSPR properties in the near infrared region for bio-
sensing and imaging. On the other hand, we can deposit Pt on the Ag tetrahedral seeds for 
the generation of Pt-nanocages enclosed by {111} facets with desired catalytic properties. 
We can also extend our well-established protocols to investigate the deposition of other 
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transition metals such Rh, Ir, and Ru onto the surface of Ag nanocrystal seeds. Because the 
precursors of these elements are insoluble to water, we need to change the solvent to 
ethylene glycol and then revise our protocols accordingly to fabricate Ag-based core-frame 
and core-shell nanocubes and their derivatives.1–3 These resultant nanoframes may find 
applications in catalysis. Finally, our group is investigating the role of 
cetyltrimethylammonium chloride (CTAC) in directing the growth of Au on Ag nanocubes 
for the generation of Ag-Au concave nanocubes with enhanced SERS activity. By 
replacing the PVP with CTAC in the standard protocol, we anticipate additional growth 
pathways of second metal on the Ag nanocrystals due to the selective binding of CTAC on 
the facets of {100} of Ag nanocrystals and possible involvement of AgCl in the syntheses 
of bimetallic nanocrystals.4,5  
Another direction to pursue is to develop the scale-up production of Ag nanoparticles 
as the template and then achieve the large-scale synthesis of bimetallic nanocrystals for the 
applications in catalysis. In this work, the synthesis was mainly conducted in 23-mL vials 
or 60 mL-jars, with slow titration or injection of the metal precursors. Although the set-up 
is optimized for the syntheses of bimetallic nanocrystals at the scale of microgram, it is 
time consuming to achieve milligram scale required by industrial applications. In practice, 
it is impossible to multiply the volume of the reaction solution and size of the container 
because the reaction kinetics strongly depends on the mixing of reagents, temperature 
gradient, and the local concentration of precursors. To address the challenges, continuous 
flow and droplet reactors are potential solutions toward automation.6 Advancements in this 





6.3 Notes to Chapter 6  
Part of the chapter is adapted from the article “Enriching Silver Nanocrystals with 
a Second Noble Metal” published in Accounts of Chemical Research.7  
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